Calorimetric determination of the heat of solution of calcium in liquid ammonia and the heat of reaction of calcium with the ammonium ion in liquid ammonia by Wolsky, Sumner Paul
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Dissertations and Theses (pre-1964)
1949
Calorimetric determination of the
heat of solution of calcium in liquid
ammonia and the heat of reaction





Calorimetric determination of the heat of
solution of calcium in liquid ammonia and the
heat of reaction of calcium with the ammonium
ion in liquid ammonia
,
BOSTON UNIVERSITY CHENERY LIBRARY
Regulations for the Use of Manuscript Theses
Unpublished theses submitted for the Master's and Doctor's degrees and
deposited in the ]^oston University Chenery Library are open for inspection,
but are to be used only with due regard to the rights of the authors. Biblio-
graphical references may be noted, but passages may be copied only with the
permission of the author, and proper credit must be given in subsequent
written or published work. Extensive copying or publication of the thesis in





used by the following persons, whose signatures attest their acceptance of
the above restrictions.
A library which borrows this thesis for use by its patrons is expected to
secure the signature of each user.
NAME and ADDRESS of USER BORROWING LIBRARY DATE
B 06 TOM UMIVERSITY
GRADUATE SCHOOL
Thesis
GALORIL/IETRIC DETERMIMATIOM OP THE HEAT
OP SOLUTIOM OP CALCIUM IM LIQUID AI'MOMIA
AMD THE HEAT OP REACTIOM OP CALCIUM T/ITH
THE ALniOMIUM lOM IM LIQUID AIvIMOMIA
hy
SUMMER P. WOLSKY
(B.6., Mortheastern Univ., 1947)
Suhmitt ed in partial fulfillment of the












This investigation has been made possible
by a grant-in-aid from the Hesearch
Corporation




CALORIIvIhiTRIC DE[13:]RMIMTI01'1 OR THE HEAT OR SOLUTION
OR CALCIUI'I Hi LIQUID AlvEIOHIA AlH) THE HEAT OR REACTIOH
OR GALCimi V/ITH THE AmiORIULI lOH III LIQUID AimOHIA
Page
I. Introduction and Statement of Problem 1
II. Experimental 13
A. Apparatus 13
B. Experimental Procedure 15
1. Preparation of Sample 16
2. Preparation of Ammonium Salt 18
3. Advance Preparations and Assembly of
Calorimeter for Heat of Reaction
Determination 19
4. Procedure for leaking Calorimetric
Determination of Heat of Reaction
of Calcium Metal with Ammonium Ion 20
III. Presentation of Data 26
IV. Calculations 58
A. Calculation of the Temperature Change 58
B. Calculation of Heat Capacity 60
C. Calculation of Molar Heat Effect 62
V. Discussion and Conclusions 93
VI. Appendix 109
A. Calibration of Thermocouple 109








iVx^ w mi oi:LV£'j: odAo
via . ai’.ia i:ijioaiiD 'lo
















9 1> ' 7^o o*i1 £ 81n fYJ’l tH{rL .
»<"q,.U5L. \/j f’.o XJ’ -acfirs 0T.1 .
cli.c ;aUx£:orK?iy, lo nc £ 1 ifi.ir 9-T'^ .
;.C' r£ijri«^'r?hzi. v)o::avl^.'.
or- rloaeK Ir,, ojboL '.o' lo^omiiOlsO
i OZ rniJiT;!?-
:. i ^ j i«D'. ; • c i>.' -(» I :. 'lU "Ji*l e'-J/iioooui .
noxjo*:aj: i rBLl; lo r,ol tBaZ:;rro
t.Cl iioXroj-:^. 'STL'iniaC 5o
iC' rci j€ii?u3«'-i .*7'^
BGOf •i 4j[l!0 laO
eTtJtf’A!;£>qrsT ^i.j Ic ;o i::J’o£rj! Xi70 ./
i o n : •; ',c no i tar x/o i.'?!- . i
a 1-^Or. IOXqJ' lO DO£ t£lx»*’£.'







9lqx:n coai T‘jn? lo oo i X £ncf i I.'^D .
Jo 0 iiq^O J •i'3: !" Jo :io i la: o.i. j/l . .











I Heats of Seaction of Alkali Metal Solutions
With Ammonium Ion 4
E Magnetic Susceptibilities of Calcium and Barium 7
3 Magnetic Susceptibilities of Sodium and Potassium 7
4 Lata of Experiment A 28
5 Lata of Experiment B 30
6 Lata of Experiment C 32
7 Lata of Experiment L 34
8 Lata of Experiment E 36
9 Lata of Experiment P 38
10 Lata of Experiment G 41
II Lata of Experiment 1 43
12 Lata of Experiment 2 46
13 Lata of Experiment 3 49
14 Lata of Experiment 4 51
15 Lata of Experiment 5 53
16 Lata of the Leterminat ion of the Heat of Solution
of Ammonium Bromide 56
17 Heat Capacity of Liquid Ammonia 61
18 Heat of Vaporization of Liquid Ammonia 63
19 Sample Calculation of the Heat of Reaction, aH£,
for Experiment 4 67
20 Summary of Calculations of Experiment A 72
21 Summary of Calculations of Experiment B 73








QdOti^loB, X«.lBlI iljaoIXn lo r3^it^>^^E ic ecJ’aQii
f, noi oujiDOncnA liity
V'M
i ' ' j' ' ' • '' '.“.-*
.
V mrtrs^ bniS nuit r^XsO io aolt tl^cfl^q[€»0 8;jfi, ai^d'saaisJjl
IP
-' j^' 7%
V ,'aiiiegj3Jo^ tarrlboS lo 8&t;j(iXlcrij-qaoBx;a oXd’gn^aH'
tL ;tn^±’XDqzji io ataS.
a tfiaraci^jqxi lo a;J’3(I
0 J’noitfiiatia^i lo «faC£
<1 taamJt'ieqxii lo ataU.
6 . .




,. guocXiaq^Sc*. xQ 4i4nX
fc;. laejmJtjefpcK,'
a ;taoaii‘Xo:)X,j ta 3j«^_
<
ft ^namiiarjxa lo 'a^svi
noli'uXos lo S:j&B notd'aaiatcocJau aifif lo a«teil
ftbiinorca ciatootnnA lo
aiflOLiaA fittfnJta: lo ’^rf’ioJWiaO j^aoB
I
slaomA bixjptJ lo oot;taRiioqa7 Id :teel!
Ha ,opJitoaoE lo ii^U. 9d& lo ooid-aXnpXaO aXqoBS
, j ^ :taafliii9<ixil lol
A d-flaffliiaqal'l lo scoitaXooXaO lo ij-saoira
Ll-
S tnai i-xsqxK. lo aaottrlaolBO lo ^xaocujii







of Schmidt Heat of Solution Values; Heat of
Solution Values Obtained in this Research
Page
£3 Summary of Calculations of Experiment D 75
£4 Summar y of Calculat ions of Experiment E 76
£5 Summary of Cal culat ions of Experiment E 77
£6 Summary of Calculations of Experiment G 79
£7 Summary of Calculations of Experiment 1 81
£8 Summary of Calculations of Experiment £ 83
£9 Summary of Calculations of Experiment 3 85
30 Summary of Calculations of Experiment 4 87
31 Summary of Cal culat ions of Experiment 5 89
3£ Summary of Calculat ions for the Determination
of the Heat of Solution of Ammonium Bromide 91
33 Heats of Solution Obtai ned by Schmidt ; Correction
107
34 Summary of Heat of Reaction Determinations;
Calculation of ^ H5
35 Calibration Table for Thermocouple
36 Summary of Calculations for Determination of





i. . <* 1
- Ki V <ulU .. ' '
/ . *• ^L_.:-- *moHl
;
dlcf82
a ifDjciT95ia: lo Bcci^aXjro.XcO lo ttacic/ie ii
• 1
i tri33#>i9.^xi Ic scciiferXoXsS, lo isamas
a iosafia^^ Ic scoi taXaTiXso lo ^juimifS;' ’'





S lc«w,rT9(]pti lo lo I'ls-'anBfi
li!
e d-aaiaiiaq^ to saoitsIir-^Xi^ to
^
'to afloid-aXifol^O to x-scxwa^*
J
3 XiS9i<il*i9?jxd lo Scot tATifoXaC) to
aai^joiiCT^to.. ©rft xcl: 5Aiot.tsIi;oXsO to vtfianiiS
9^tii<rrd ,mricro:a.'»L\ to ooitirXOR tm}£ t6









; eqoxt-xjimTO^^G iioid^oae^ to taoE to ^TSfa-Ti/S
to fioitiilxroJjsD
olJIxrooofti-rodT id Blde’x nottaiifilaG





The Absorption Spectra of Soditnn, Lithium,
Potassium, Magnesium, and Calcium in Liquid
Ammonia
2 The Calorimeter 13
3 Tenperature Pattern for Experiment A 58
4 Temperature Pattern for Experiment B 58
5 Temperature Pattern for Exp er i me nt C 58
6 Temperature Pattern for Experiment D 58
7 Temperature Pattern for Experiment E 58
8 Temperature Pattern for Experiment R 58
9 Temperature Pattern for Experiment G 58
10 Temperature Pattern for Experiment 1 58
11 Temperature Pattern for Experiment 2 58
12 Temperature Pattern for Experiment 3 •58
13 Temperature Pattern for Experiment 4 58
14 Temperature Pattern for Experiment 5 58
15 Temperature Pattern
Ammonium Bromide
for Heat of Solution of
58
16 Heat of Solution of Calcium in Liquid Ammonia 93





19 Heat Capacity of Calorimeter 114
« * 4 '
T'***J:*'-' V-*^'’
*:•




*7auri 5o6 Jo a^ i^/i^o^dk otif$
^













A U‘cafliia'>q;^ o^o^watt 9'ii/d‘aT9q®’i?
£ ^n&mJtToqicj ic?^ at&IJa^ aiBi-aTe^mT
0 J*33?i£*i9q;za *10^ axd;£^B£: 9*nri’i5'!:sq[£ii9!I!
ti ^n'#n[£^w;3id loJ atatJeZ suj sqma^?
si ^oaolioqxa TOl tjT«;J-tfl£ oTO^ii'iaqaoS
£ d-a9iniX9q:?li xoi eiu J-aTt^qtaoX
0^ JoTOii'istpEit TO^ a’jrsd'i-s'i oxxUimoqfiBV
X antxat^tdqTdi :co!t yuftsiacints?
S jroffiiioqxa. aiirta*x3qc»X
a
. f S tnoiritsqxi lol a*Iei^^o^ axB
P insiitiSMixi aol atsJ’^sX
3 3a9mjE*j:eq;3c31 *iol n*i9t^a£ axBi’a'xeqiaeT
lo not^tr£o2 lo taofi lo^ 9ixi*lBX9qfli3T
sbiriottt nuJiflOfiLiiA
/5£acaiRA BlupiwC nt aiBioIsO lo cioWijIo3 Jo itaoH
20l*^ifaT:9;£3a; %i£xo.a(iBD taaE iol toatriO. i9;?fidH
fJ.
X^JtoaqaS noJ. ciatd-oX’' DTBtxf*pqfl»T
no t ^aa JtiT.19 tad





CALORDffiTRIC RETERMIMTIOW OR THE HEAT OP
SOLUTION OP CALCIITM IR LIQUID AIHvIOUIA
AHD THE HEAT OP REACTION OP CALCIUIi/I WITH
AIMOHIUM IOH IH LIQUID AIvMOHIA
The liquid ammonia solutions of the alkali metals \
present a deep blue color when dilute and a bronze-like
I
appearance when concentrated. These solutions have been found
to be characterized by certain anomalous properties which are
|
generally similar for this series of metals. Vapor pressure
1
measurements have indicated the apparent molecular weight
of sodium dissolved in liquid ammonia to be at least as low
as 22, and in sufficiently dilute solutions to be lower
because of dissociation. The similarity of ammonia solutions
of alkali metals is most markedly demonstrated by absorption
2
spectra and conductivity measurements. Gibson and Argo
found the absorption spectra of dilute solutions of lithium,
sodium, and potassium in liquid ammonia to be identical. In
3
1921 Kraus observed that the conductance of ammonia
solutions of lithium, sodium, and potassium varied from
metallic to electrolytic, and that there was a marked similarity
of the curves obtained when the conductances of these
solutions were plotted.
1. C.A. Kraus, J. Am. Chem. Soc. 20, 1197 (1908)
2. Gibson and Argo
,
ibid 40, J.227 (1918)
2. C.A. Kraus, ibid 42T^49 (1921)
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To explain the unique properties of these solutions
Kraus proposed the follov/ing equilihria:
M M + e e~ + xhHr
( xUHg
)
in which the solution of the metal is accompanied hy partial
I
ionization of the atom into electrons and positive ions which i
i




absorption work of Gibson and Argo lent further support to
the theory that the similarity of the alkali metal solutions
is due to the solvated electron.
The concentration dependence of the paramagnetism of
alkali metal solutions in liquid ammonia observed in recent
5,6
studies of the magnetic properties of these solutions has
caused modification of the original Kraus theory. On the basis
of complete ionization of the metal ( Kraus proposed only
partial ionization), the K-5” center equilibrium
e“i Te~ e"! ^ e~7
6
has been proposed by Freed and Sugarman and developed further
7
by Ogg . The left side of this equilibrium indicates the
pairing of electrons in the solution, while the right side
4. C.A. Kraus, J. Am. Chem. Soc. 30, 1323 (1908)
5. (a) Hus ter, Ann. Physik 33, 477 (1938)
(b) Freed and" :l)hode, nature 134, 774 (1934)
6. Freed and Sugarnan, J. Chem. Physics 11, 354(1943)
7 . Ogg
,
J. Am. Chem. Soc. 68, 155 (1946 )
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indicates unpaired electrons. An alternative proposal for
accounting for the concentration dependence of the para-
5h
magnetism of these solutions has heen offered hy Huster in
in which we have the diatomic molecules containing the paired
electrons in the form of a covalent hond.
(EH3 )
Since in both the old postulates and the more recent
modifications the theoretical nature of the dilute solutions,
aside from the positive ion, remains the same, namely the
solvated electron, and since this has heen confirmed hy
experimental evidence, we may expect that the properties of
aiunonia solutions dependent upon the solvated electron will
he the same for all the alkali metals. Recent thermochemical
8,9
studies of the dilute solutions of lithium, sodium,
potassium, and cesium have strengthened this view since it
has heen found that all these solutions possess a similar
heat of reaction in liquid ammonia with the ammonium ion
( AH - 40,500 ±1000 calories per gram atom of metal). This
alue was obtained hy subtracting (a) the heat effect
associated with the solution of the metal in liquid ammonia
8. L.V. Coulter, Unpublished research
9. R.H. May bury. Calorimetric determination of the Heat s
of Reaction of hithium and Cesium with the Ammonium
ion in Liquid Ammonia (unpublished I^iaster's thesis,
Boston University, Boston, 1948)
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at infi nite di luti on
M M ® (HHs)
A%
from (b) the heat effect associated with the reaction of the
solid metal with the ammonium ion in liquid ammonia
M+ NH4(HH0)-^
“(MHs)'*' “Sd)'* ®2(g) AHg
In Table 1 average values of ^£2 for each of the metals
lithium, sodium, potassium, and cesium have been combined with
heat of solution values, obtained from the literature.
TABLE 1
Reactants Average Heat of Heat of A% = aH2“aHi
Reac t i on/gm-at om Solution/
gm-atom
9 9
Li •+ BH/Br -50,200 cal. -9,600 cal. -40,600 cal
8 10
La + BH4Br -38,400 1,400 -39,800
8 10
Ra 4 RH4CI -38,700 1,400 -40,100
8 11
K 4 -39,700 0 -39,700
9 11
Cs 4 LB4 Br -41,400 0 -41,400
Mean 40,300 1000 cal.
The A Hg values obtained agree with the mean of 40,300 calories
well within experimental error. One is led, therefore, to the
conclusion that the heat of reaction of sodium, lithium,
potassium, and cesium solutions in liquid ammonia with ammonium
10. Kraus and Schmidt, J. Am. Chem. Soc . 56, 2298(1934)
11. Schmidt, Studer, and Sottysiak, J. Am. Chem. Soc.
60, 2780 (1938)
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ion is independent of the alkali metal used in the reaction,
and that it may he presumed to he due to the common reaction
i:|hetween the solvated electron and the ammonium ion as follows:
i
® (UH3) " (g)
!
Extension of this concept of solutions to the alkaline
'!
''earth metals would lead one to expect properties of a similar
1'
pature when compared on a proper concentration basis since
|i
'twice the number of electrons are involved per atom.
The alkaline earth metals dissolve in liquid ammonia to
form solutions similar in appearance to the alkali metal
isolutions, the dilute solution being deep blue in color, and
i'
Ifche concentrated solution presenting a bronze-metallic
II
Appearance. Study of phase diagrams has revealed the formation
I IS
j)f the ammonia tes Ca(13H3)5
»
Ba(lIH3)6, and SrCMgle. Recently
bhe formation of the calcium, barium, and strontium ammoniates
I
13
ts confirmed by Birch and MacDonald who also claimed
{
iscovery of the ammoniate Li(BH2)4, however further work is
IS
lecessary to verify this latter point j since in the past it
s been found that upon distillation of the alkali metal
olutions the residue consisted only of the original metal.
As stated previously, extension of the concept of
olutionSj as indicated by studies of the dilute solutions of
IS. Kraus and Johnson, J. Am, Chem. Soc. 47, 7S6 (19S5)
13. Birch and MacDonald
,
Trans , Esraday Soc , 43, 79S(1947)
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alkali metals in liquid ammonia solutions, to the alkaline
iearth metals might lead one to expect similar properties. The
validity of this expectancy, however, may he questioned when
various studies of the solutions of alkaline earth metals in
liquid ammonia are considered.
2
Gihson and Argo observed that the absorption spectrum
of dilute solutions of calcium in liquid ammonia differed
from that obtained for the alkali metal solutions. It can be
noted from Gibson and Argo’s plot of the wavelength (A ) against
14
]fche logarithm of the extinction coefficient {£ ) (figure 1)
^hat calcium not only does not give a straight line as in the
pase of lithium, sodium, potassium, and magnesium, but that
calcium solutions show indications of increased absorption at
jthe longer wavelengths. Unfortunately only a single measurement
|tas made on calcium solutions
,
and the authors were unable to
{Irerify this behavior. However it was remarked th£-t this
deviation may have been due to the impurities present in the
alcium. ( The following analysis is given of the calcium;
7.75% Ca
, 0.85% Cl, 1.08% trace of Mg.)
i
he basis for this suposition arises from studies of the
bsorption spectrum of sodium in methylamine where it was found
;hat the absorption spectrum was markedly affected by the
resence of impurities. Therefore it seems very possible that
14. £ - "(log l/lo)/d where lo is the initial intensity
of the light and I is the intensity afterbpassing
d centimeters of the absorbing medium.
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the absorption spectrum of a dilute solution of calcium in
;liquid ammonia might have been affected similarly by the
presence of impurities, and that the absorption spectrum of
|pure calcium would not differ from those for lithium, sodium,
potassium, and magnesium.
|






and it has been found that whereas
|
dilute solutions of barium possess a molal suceptibility
iaxpected for ionization into two electrons per gram-atom,
!;calcium solutions have a much lower suceptibility. For example
^t





Bormality 10 normality ^ IQ"
0.00489 1140 0.00206 2280
Here the molal susceptibility (Xrn) of barium is twice that for
6
salcium. In accounting for this Freed and Sugarman point to
the case of sodium and potassium where sodium, a smaller atom
than potassium, exhibits a lower molal susceptibility than
potassium. As can be seen from Table 3, at a given concentratioc
the susceptibility of sodium is less than that of potassium.
15
TABLE 9
at 0.02 n at 0.01 n
6 6
sodium
"X m = 4^0x 10” 6 sodium - 650 x 10" 6
potassium X m = 550 x 10“ potassium • 825 x 10“
15. Yost and Russell, Systematic Inorganic Chemistry
,





Similarly one would ezpect calcium, a smaller atom than "barium,
r
I
*to exhibit a lower’''Susceptibility than barium. Therefore the
igreater interaction of the smaller calcium ion with its




Yost and Russell have offered another explanation of
I
Ithis apparent anomaly in the magnetic properties of dilute
1 |I
solutions of calcium in liquid ammonia ^accounting for it on
||
[the basis of ionization of only one electron per calcium ion
jiving Ca*^ which would occur coupled as Cag"^ . Thus the I
paramagnetism associated with the Ca”^ ion would be eliminated.
That such a system probably exists in saturated solutions is
16
indicated by density measurements. At -35°C and at a concentBa-|
tion of 7 moles ammonia/calcium (sat.) the density was found to !
be 0.651. This saturated solution also yielded a volume
aspansion of 44 cc. per gram atom of calcium. Since sodium
irtien dissolved in liquid ammonia yields an expansion of 43 cc.,
and since the atomic and ionic radii of sodium and calcium are
very similar^ it appears likely that in saturated solutions
3f calcium, as in the solution of sodium, there is only ioniza%
tion of one elctron per gram-atom of metal used. These
Lensity measurements, however, do not apply to dilute solutions.
The problem of one or two electron ionization of calcium
16. L.V. Coulter, Rorthwest Science (1942)
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9may be approached thermochemically. Since recent work on
8,9
alkali metal solutions has shown these solutions all to
possess a similar heat of reaction with ammonium ion in liquid
anmonia, it is possible to use this value as a means of
comparing calcium solutions* On this basis there are three
possible reactions of the solvated electron and the ammonium
ion, each with a different heat effect associated with it. For
one electron ionization to form Gag there ezists two possible
reactions :
In this reaction Ca"^ in the form Ca^ is not involved in the
reaction. The reaction therefore being completely analogous to
that of the alkali metals would be expected to yield a similar
heat effect of 40,300 calories per gram-atom of calcium.
In this second possible reaction involving one electron
ionization there would be energy absorbed in the uncoupling
of Ca^'*’and in the ionization of Ca"^ to C&*”*’ . The total energy
I'Absorbed due to these two effects would be greater than the
oaergy gained from the solvation of the electron, therefore the
!
heat effect expected would be larger than in the above case,
i'
|)ut it would probably be less than 80,600 calories (2 x 40,300 )•












no i'lO'T J-noooT 90£iiu' , \;lI«pia^fir;>oaT'=>ni)’ J5\>r.c>p.o‘s.iq/? 5^0
'
'^stL
oi IZo aaoij-uloa aasxi? cMOde arni ?.cof:^uj;ce £sf^ ilnXI^'
•>. V
tiupif ai riox ..nt/inofonja .{^iv; rocd'o^yT io oa-rtn ^altats a snoscoq
\o atu'. 9ui B PS :jsi^7 exifcf S3U o;!' ylcfisaoq ai J^x .ainorxic
ooTif^ s'lxj OTsd^ GiSBcf 3i n:t nO .2-oiJ"uIo3 mxt^lso ^iTcsqnoo
dx/inoiuna sifd- .bna noiiovl^ '^,9^-jvXoa snl 10 a:.oilDB3^ sicfisaoq
507. .ti fd'iw f>9^Sio038B J'Bsrf . ;^fl 959lli 3 Jo iw 11009 ,uoi
4S-
sIc/iSBog 0W5 ej-axxo m-rol od- noidBainoi oo^itoslo ono
: 80Oi J0B95
sJd’ nt oDvIovr. i rron ai ^.aC unol oJJ ni "*”00 r,o i J'O0 -.>'i alirft nl
%4
o5 suo^cIaoB vied’sXqnioo jjptstf 9T0^959;id’ £:oxto395 od? iaoxd’oeeT
*i0£laile a I»l9i\ od .bod'osqxa M olno^v «Is>tef--i sJo 5o tfirft
. utIoX*^.o mod’s -Halils 5£>q edXTOlao OOS,’)i* dT9lf.-9 d«oJ
co5d‘coIo oao •%clvXo7Ci sXdisBOo xaooee ai;:i.+ at
^niXqsoofljj oJd ni Jiacf^oerfa ^sasne ocf iiEuoif o59bt noxd’sstnor
xio Isd’ot on. . ^’’30 od^ I0 noidssxcoi sJd si bns^^O lo
osd narid sJ SIjjow SwObils owd ofessd cd uss XsdToacfo
srij oTO^S'isrid ,oo5do9Xo os7 %o ooids7Xo3 odd ino5^ boa
i
03 y,r^'ietn
,0830 STOds ojd 3i os'id T93T3C o<S bioov bsdo9<ixo do©V..9 dS9Ci
• OJ' , 0> I li ) aot'iolao OOd.Cb staid aasi od icIcfaofOTJ hlaow di darf






(3) Catt(MHg )+ 2e“





jwhich would yield a heat effect of 2 x 40,300 calories or
80,600 calories /gram-atom. Ca'*’'^does not participate in this
'1




Direct determination of the heat effect associated with
ithe above reaction is not experimentally feasible. It can be
'jseen that the experimental difficulties involved in the mixing
|Of two solutions of relatively large volumes under controlled
conditions so as to prevent a sudden, almost instantaneous,
evolution/ of heat are indeed great. Fortunately indirect
determination by the combination of the heat effects of two
easily studied reactions has proved possible and also ex-
1 8 ,9
perimentally simpler. Therefore this method has been
employed in this research.
Assuming first one electron ionization we have the




where is the heat effect associated with the reaction.
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where the heat effect associated with this reaction is By
comhining these reactions in the following manner we get the
(a) Ca 2 Gao UMH3) t- (Ms) AH-1
(b) ^ ^ H2,g,
(2) 2'^®2(mH3)''‘^''^(MH3)'*' ®2(g)
j
AHg = AHg -
[desired reaction (2) where is the heat effect associated
I
with the oxidation of calcium, in solution with ammonium ion.
Similarly we may arrive at for reactions ( 1 ) and
( 3 ).











(h) Ca/ V . -h
(ms)
Ca
AH3 - AHg - dHi
It is the purpose of this research to determine the
heat effects ^ and ^Hg at infinite dilution, and hy their
bomhination to arrive at the value for A H3, Then hy com-
jparison of AH3 with the a H3 of the three possible theoretical
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reactions of the solvated electron with anrnoniuin ion in calcium
solutions as mentioned previously, it should he possible to
determine the nature of the ionization of calcium in liquid
amnonia •
The heat of solution of calcium in liquid ammonia has
17
been determined by Schmidt but over only a short concentration
range with the most dilute measurements corresponding to a
little more than 200 moles of ammonia per mole of calcium. At
the dilutions studied the heat of solution is still changing
rapidly with concentration indicating the necessity for
performing this research at much higher dilutions.
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II. MPERIMEMTAL
The method and apparatus employed in this research was
identical, except for a few minor changes, with that used hy
9
R. Mayhury in his determination of the heats of reaction
of lithium and cesium in liquid ammonia.
The heat of solution or reaction can he represented as
the sum of the heat effects accompanying (1) the temperature
change of the calorimeter and its contents, and (£) the
vaporization of ammonia.
The first of these heat effects can be evaluated hy
determining potentiometrically the temperature change incurred
during the reaction hy a system of known total heat capacity.
The second of these effects i® determined hy measurement of
bhe gases vaporized and collected during the reaction.
Special techniques for making thermochemical measure-
18





in his thesis work, used a modified
srersion of the Schmidt apparatus. It tj&s with the modified
jalorimetric apparatus (Figure E) that this research was
conducted with changes being made only in the construction
18. C.A. Kraus and J. Ridderhof,J. Am. Chem. Soc. 56,
79 (1934)
Kraus and Prescott, ibid 56, 86 (1934)
Kraus and Schmidt, ibid 56
,
2297 (1934)
19. Schmidt, Sottysiak, and Kluge, J. Am. Chem. Soc. 56,
2509 (1936)
( 'f
« - - *
.11
iloTii-y-'j-: ^trlv .u ^3\oL^i.^9 3 i.fti5 5r:I






Ii ; 9 i "r
Q
liO.TXiiiO't 9;it £f0 L 1 ii/: ca- i9 1 i)iv n: \.TU';Vv.ii:.. .
, s*_:;0.'il:U': hi 'J'.-X C !'.£ .'H'ir-’-a iiiCj i: ritii' 'ic
l9;:fr!9 9C f it.y uO T9 .ict^i-ror. Iv ti?'>:i 9: 1 '''
.
rj'Kl' (l| an L x]O:?‘X-'l0 0 C’i- nJOi • ^ i y" xO -3UO
9 :io \.:'i 'ay. , :: 9d qS \ t ; iiol £io xo 3-3n'i.iC
.
'>0 ijs £ L-iOu BV
’'a bjSjiuLQVv fiBf. J’io; 95:9 ’ 3T.t'l: :'.’.
.'nn-rw-xii O'lVi '^yiffroi 9;:t a-j in ‘ >r.iol;rfi ;j;o»r
.
_
l Jxi'jri £rXr.;X iAVOazi ' 'd aoi^cvus-.
're ‘ .i^u^Tira.:. j ;i -inr. Liiins to Tt :-..• ‘•'£*'*9 an-?'*! ro i!n''09 3 9:»'.'
./9i;t069'r dr.t >r> 1):.: ‘.'D-i tnO'i^SV 893^ 9r.^
-9TJi5:.99 .; i£:oi.T:o.":f : :i*i9.i j -;p i :-•»'! TO"^ J-''; i)-’A09'T‘*
r, j;
bOB :. 'ijn. ,i r in • i 379:^ jClli .:^ ;* i •....:- vl:fOi£ i':i
,
,>£•^' e : 59:^1 3i.j 3l
,
.'9"'^ • • ‘hi.I Jot:
UBtltbom 0 . 1 " .illw . Shtryi-c 3 jj :o rjoi?.i 9V
c.i:v/ .;91^9S©1 i. a-'M^ U onu-i-’) eiJ^CTii oi:n^9 o' inolBo
col j Oil'll or 00 9 ri^ ai v:Xo-' vi^^* ij’y.u.'O nlr’ oouO'J.n: oo
Iv.
1 i‘CiCr I , OG b:.- ,.




' y ' ,
.
\ }















of the current interrupter, and in the installation of a morre
sensitive potentiometer. i
The calorimeter (Figure 2) consisted of a long Dewar
!|
(I) with a taper ground glass joint a little above the ring '!
seal of the vacuum jacket. The calorimeter head (G), held
|j
tightly in place hy a small spring stretched across the top, i|
carried the thermocouple (F) the sample crushing rod (D)
|
connected to the platinum stirrup (L) which holds the sample
hulh, and the stirrer (J) which is connected to an iron hoh (B)
and thence to a spring (A) with the solenoid (C) slipping down
around the iron hoh. A side arm (F) from the head connected
the calorimeter with an open-end type mercury filled manometer,
a vacuum pump, the gas-collecting system, and a small cylinder
containing- a weighed ammount of ammonia.
The calorimeter was thermostated with boiling liquid
amnonia contained in a large Dewar (M), the lip of the Dewar
being a little above the ring seal of the calorimeter, and
pressing tightly against a soft rubber gasket held in a metal
collar (H) attached to the un jacketed portion of the calorimeter.
Both the inner and outer Dewar were completely silvered except
for two aligned strips on each side of both xiewars. This
enabled one to observe the contents of the calorimeter.
The circuit interrupter consisted of a small induction-
type motor on whose shaft was mounted a set of cams. Circuit
interruption resulted from the rotation of these cams inter-
mittently touching metal strips carrying contact points thereby
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leaking and breaking the circuit. The number of times per
minute that the circuit was opened and closed was determined
by the construction of the cams. In this research the cams
j
were made so that a stirring rate of 60 strokes per minute was
maintained
.
The gas-collecting system was connected to the calori-
meter through the needle valve (0). This valve was used to
control the rate at which the gases were drawn off from the
calorimeter. The evacuated glass vessel (P), used to collect
the gases evolved, had a volume of 6715 milliliters, and was
immersed in a large water bath maintained at 25:t .1*^0.' A
closed-type mannometer (ii) was used to read directly the volume
of ammonia collected.
In this research the electrical measuring equipment had
been improved by the use of the more sensitive White Single
Potentiometer (L and H flbZQ and #7621). A meter scale suspen-
ded nine feet from the floor and seventeen feet from the
galvonometer was reflected by the mirror of the galvonometer
into a 15 power telescope giving a sensitivity of approximately
5.1 scale divisions per microvolt.
Two 2 volt batteries were connected to the potentiometer
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I
ration of the sample, purification of the amnonium salt,
assembly of the calorimeter, and checking of the electrical
I
measuring equipment. This was followed by distillation of
I
the ammonia into the calorimeter, time -temperature measurements
at one minute intervals made prior to, during, and after the
reaction period, and finally the determination of the volume
of gas evolved.
Preparation of the Sample
The sample bulbs used in these experiments were made
by rapidly fusing together the end of 6mm. O.D. pyrex tubing
in an oxygen-gas flame, and then blowing out into a bulb of
about 1-2 ml. volume. The bulbs had to be made so asl to just
bend slight pressure of a pencil point and yet be able to
hold a vacuum.
The stem was cut off at a length of 6 cm. and the end
firepolished. The volume of the bulb was determined to 0.01
milliliters. The bulb was cleaned, dried, and weighed to the
nearest 0.1 milligram along with a short piece of glass rod
which filled the stem section of the bulb. Experience had
dictated the necessity for using the solid glass rod lest in
the reaction some of the unreacted sample become lodged in
the stem of the bulb.
The calcium used was moulded in cylindrical bars by the
Metal Hydrides Co. and gave the following spectrographic
analysis: sodium 10 ppm, lithium 10 ppm., barium 1-2 ppm..

lead 50-100 ppm., magnesium 100 ppm., tin - , "boron 2 ppm.,
silicon 20 ppm., iron 10 ppm., manganese 10 ppm., and
aluminum 50 ppm.. The "bars of calcium were kept under
mineral oil to prevent the formation of oxides and nitrides.
The dimensions (diameter and length) necessary to give
a cylinder of calcium of the desired weight were calculated
using a density of 1.54 grams/cc. A sample calculation is
as follows
:
A 0.154 gram sample is desired therefore the
total volume of the sample is 0.154 g./l.54 g./cc.
equals 0.100 cc. equals 100 mm^* Then setting
this volume equal to -rrr^h- the volume of a
cylinder - and arbitrarily taking r = 2 mm.
{ the sample will have a diameter of 4 mm. ) we
100 mnr ® 3.14 x 4 mm'=' x h
h = 7.96 mm.
Thus to get a sample of calcium weighing 0.154 grams
a cylinder 4 mm. in diameter and 7.96 mm. long had to he cut.
The moulded bars were turned on a lathe to the calcu-
lated diameter, cut off at the desired length, and immediately
placed in a beaker of heavy mineral oil. It was necessary
to do all turning of calcium metal under heavy mineral oil,
first, to prevent excessive heating and the possibility of
fire, and second, to insure that the final sample would have
a bright metallic surface free from oxides and nitrides.
1
Experiments showed that the metallic surface would not darken
perceptibly for at least one hour when kept under heavy mineral
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The sample was removed from the oil, rapidly transferred
through a series of three dried henzene washes , and introduced
into a sample hulh that had previously been filled with dry
henzene . The solid glass rod was inserted in the stem, and
directed the sample into the hulh. The hulh was attached to
a piece of ruhher tuhing connected to a vacuum pump through
a dry ice-trichloroethylene trap. The henzene was pumped
off and the hulh evacuated. By playing a fine oxygen-gas
flame on the lower end of the stem the glass tuhing was made
to collapse onto the solid rod sealing the hulh at that point.
The hulh was cleaned, weighed, and the stem drawn off 1-2 cm.
from the hulh. The sample hulh was now ready for use.
Preparation of the Ammonium Salt
In the reaction of calcium with an ammonium halide
care had to he taken that the resulting calcium halide was
soluble in liquid ammonia. On consulting solubility data
it was found that only calcium iodide was soluble at the
required dilutions. Ammonium iodide was therefore chosen as
the ammonium salt to he reacted with the metallic calcium
in liquid ammonia. The ammoninm iodide was prepared by
recrystallization of the C.P. grade salt from hot water. It
was dried under vacuum at room temperature and placed in a
vacuum dessicator. Starch-Iodide tests detected no signs of
free iodine in the prepared ammonium iodide. Further tests
showed that even after 1-|- hours of standing in air the
recrystallized ammonium iodide showed no signs of free iodine.
i;
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Advapce Preparations and Assembly of the Calorimeter for a
j
Heat of Reaction Determination '
j
The advance preparations, the assembly of the calorimeter^
I
and the actual |)rocedure for making a calorimetric determination
|i of a heat of reaction are described in great detail in the
9 j,
|l thesis of R. Maybury.
,|
Liquid ammonia purchased from the Matheson Go. and
|
analyzed by them to be 99.7^ ammonia with 0.1% nitrogen and !
0.2% moisture as impurities was condensed into a medium i
sized cylinder containing sodium. The dried ammonia was
used to fill a smaller cylinder to the desired weight.
The calorimeter was cleaned and dried, and finally the
electrical measuring apparatus was checked.
The sample bulb was placed securely in the platinum
stirrup directly in line with the sample crushing rod. ho
platinum gauze, such as was necessary in the work with lithium
and cesium, was used with calcium, the reaction rate being much
slower than that of lithium and cesium. A calculated amount of
ammonium iodide v»ras introduced into the calorimeter ,and the
sample crushing rod placed slightly above the bulb. The
calorimeter head was connected to the gas-collecting system
by sealing the glass line between them. The system was
evacuated several times to seat the calorimeter head, and any
strains produced were removed by heating with an oxygen-gas
flame. The system was tested for leaks, and then evacuated,
nitrogen was run into the calorimeter through two drying tubes
containing phosphorous pentoxide. This placed the ammonium
•.
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iodide in an inert atmosphere of dry nitrogen, and completed
the assembling of the apparatus. The time elapsed between
the removal of the ammonium iodide from the vacuum dessicator
was not greater than one hour.
The Procedure for Making a Calorimetric Determination of the
Heat of xteaction of uaicium Metal with .ammonium Ion
The calorimetric system was evacuated and once again
checked for leaks. Dry liquid ammonia was distilled into the
calorimeter from the previously prepared small cylinder. The
distillation was facilitated by surrounding the inner Dewar wit
a dry ice-trichloroethylene mixture contained in the large
outer Dewar. Y/hen the manometer pressure indicated complete
distillation, stopcock D (Figure £) was closed, and the small
ammonia cylinder detached and weighed to determine the amount
of ammonia in the calorimeter. All necessary connections
having been made (connection of one inlet tube to allow the
ammonia to run into the Dewar, and one to allow ammonia vapors
to bubble through the ammonia) the Dewar was forced tightly
against the rubber gasket with wooden blocks, and fastened to
the metal collar with friction tape. Liquid ammonia was run
into the Dewar through an inlet tube not indicated in Figure 2.
When the outer Dewar was filled just below the ring seal,
the inlets were switched, and the ammonia supply adjusted so as
to bring about gentle bubbling through the liquid. The current
interrupter was started to provide a constant stirring of the
contents of the calorimeter.
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i the thermos tating hath of liquid ammonia the needle valve was
' opened, and some of the vapors allowed to flow into the
I
previously evacuated gas-collecting system.
I
The pressure of ammonia in the gas-collecting system
was read directly from the mannometer connected to the gas-
collecting vessel. A leveling hulh was used to lower the
mercury level to a reference mark within the enlarged portion
of the manometer arm. The volume of the gas-collecting system
having been calibrated with the mercury in the left arm of
the manometer at this point, all pressure readings must
therefore be taken with the mercury at this calibration mark.
I
The temperature of the v/ater bath surrounding the gas-
collecting flask was maintained at Z5± .1°C during the
pres sur e read i ngs
.
The gas -collecting system was again evacuated in
preparation for the breaking of the sample bulb.
\7hile the calorimeter and its contents were approaching
temperature equilibrium, the thermocouple circuit was prepared.
The thermocouple reference junction, prepared from distilled
water ice, was put in place, and the knife switch connecting
•to
the thermocouple^ythe potentiometer was closed. The battery
circuit of the potentiometer was balanced against a standard
cell.
The temperatures were observed as scale readings of the
galvanometer for respective potentiometer settings. Viilien the
temperature of the calorimeter approached the theoretically
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' The temperature readings were taken at one minute
I
intervals during a period preceding the reaction, during the
I reaction period, and through a period following the reaction.
i
Line pressure readings were taken every five- ten minutes.
When the rate of change of the temperature of the
calorimeter and when the line pressure had attained constant
values over a one half hour period, the reaction was initiated.
’ A short thrust of the sample crushing rod fractured the thinn
Trailed sample bulb. Vigorous bubbling of the solution due to
the evolution of hydrogen and ammonia was observed. The line
pressure was maintained constant by carefully withdrawing the
vaporized gases through the needle valve into the gas-
collecting system. During the reaction period, which may be
from five to thirty minutes, potentiometer readings were
taken at the usual one minute interval. V/hen the reaction was
over the needle valve was closed and scale readings recorded
until the temperature again had assumed a constant rate of
change. Line pressure readings were taken at frequent intervals
during this period. Upon completion of temperature readings
the pressure of the collected gases was measured at the
calibration mark using a Gaertner Cathetometer . The liquid
level of the ammonia solution and a reference mark were
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similarly determined.
The experimental procedure involved in a heat of solution
determination was only very slightly modified. The platinum
stirrup was not used, hut instead the stem of the sample hulh
was sealed to the sample rod. The hulh was then fractured, as
before, hy thrusting downward on the sample rod. Also, in
heat of solution determinations no ammonium salt was dissolved
in the liquid ammonia, and therefore it was unnecessary to
have an inert atmosphere of dry nitrogen in the calorimeter
prior to the experiment.
Heat capacity measurements (see Appendix) were made in
a manner similar to the determination of the heat of reaction
of calcium metal in liquid ammonia.
After some of the experiments a determination was made
of the weight of calcium actually in the calorimeter. This
was done in the following manner.
T/hen the final cathetometer readings had been taken,
the system was opened to the air, and the ammonia allowed to
evaporate. The glass line connection between the calorimeter
head and the gas-collecting system was then broken. The
calorimeter head was lifted out of the ground glass joint
and clamped in position so that those areas of the thermocouple
stirrer, sainple crushing rod, and stirrup (still containing
the remnants of the sample bulb ) which were immersed in the
liquid ammonia during the experiment remained in the calori-
meter. A fine stream of distilled water was played on the
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calorimeter walls and on the thermocouple, stirrer, sample
rod, and stirrup. In this manner the calcium salt left on
the glassware was dissolved and the washings collected in
the bottom of the calorimeter. After having thoroughly washed
the: thermocouple , stirrer
,
sample rod, amd stirrup, the
calorimeter head was removed completely from the calorimeter.
The vvashipgs collected in the calorimeter were removed with
a pipette and placed in a beaker. The walls of the calorimeter
were washed several times with distilled water till all the
calcium had been dissolved. A very slightly acid solution
sometimes facilitated this procedure.
The washings were made very slightly acid to insure
that all the calcium was dissolved. The solution was filtered
to remove any glass fragments due to the crushing of the
WitK
sample bulb, and then diluted qi distilled water in a one
liter volumetric flask. Two aliquots of 300 ml. each were




Five milliters of hydrochloric acid were added to each
aliquot. A solution of three grams of ammonium oxalate
dissolved in 50 ml. of distilled water was added to the acid
solution. Using methyl red as an indicator, the solution was
20. Kolthoff and Sandell, Textbook of Quantitative
Inorganic Analysis, The ivIacLIillan Co., Uew York,
1936
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made slightly basic with 1:1 ammoniimi hydroxide, and then
allowed to stand for one hour. The precipitate of calcium
oxalate formed was filtered through a sintered glass filter,
washed with 1% ammonium oxalate solution, and finally washed
with several portions of cold distilled water. The precipitate,'
ii
was dissolved on the filter with 50 ml. of 1:8 sulfuric acid. I;
The acid solution of the oxalate was diluted to a concentration!
of 1-1. 5iJ and heated to 80°C. The warm acid solution was
!
then titrated using potassium permanganate which had been
standardized against sodium oxalate.
The weight of calcium present was determined from the
normality and volume of the permanganate used.
j *,
• I.
•'*».',>» ' 1* .' iS^ • ••» i ' .**?. «W
i3Gia;f fioB
,
».6ixoi6'^*f iifsstbomB X:X cfi-iw oxcfirf sfjxrni
tf a
. urori 3fto lol: o^ 6©t7oIIb
i.
i V>. ;i
- "-mcisXao to 9ti5t£q[ii59iq’
ii
f>














i9i‘fi,tXql&9^q idl .^grtew 6£ >o Xo sooMiroq lart57&b d^in
-4 oitjAIxra 3:1 ^o .Isi 03,d^iw ‘i&;Mi:1: »dtf- ao b9v£o83tA as?/
j " '
raoiJ^Td’naonoo £ od* feod'uIiS odaEiiso and to aoidiflos fcloa acTl'
3jBW DOiduXoe bXyye ©rfl ,3<^C8 ot Xsdaad ocs U5«I-I to
•
' ^
naarf feed dotifr adaai^qamteq nuieeadcq aciaur fcfidindid nadd
.9dBl£r:o‘'siuiJ5o8 deoia^e i>9aifi'istaBt8
aifd eioit 5aolariad9f> eaw duasaTj nuiolan to dd^ow ailT
i
.feaaq odaca^naniaq gdd to otsurlov £oe ^dtlaMion
fi.
III. PRESEHTATIQH OF THE DATA
The experimental data recorded in each experiment is
presented in Tables 4-16.
A. The Weight of the Calcium Sample
The weight of the calcium sample was determined from
the weight of the sealed bulb containing the calcium and the
weight of the empty bulb. The volume of the bulb was necessary
to determine the weight of calcium in vacuo.
Wt . in vacuo = wt. obs.-t’ vol. of bulb x 0.00118
B. The VYeight of Ammonia in the Calorimeter
The small cylinder containing the dried ammonia was
weighed prior to and after the distillation of the ammonia
into the calorimeter. In this manner’the weight of ammonia
transferred to the calorimeter was obtained. The aimount of
ammonia that fills the calorimeter line as vapor was cal-
culated from the known volume of the line and the pressure
reading indicated by the manometer. This value (0.84 grams
for this research) subtracted from the weight of anmionia
distilled into the calorimeter yielded the weight of ammonia
actually in the calorimeter.
C . The Weight of Ammonium Iod.ide Used
Two moles of ammonium iodide were required for each
gram-atom of calcium metal used in the reaction. A ten percent
excess of the theoretical amount of ammonium salt necessary
was used
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D. Liquid Height in Calorimeter
Cat he to met er readings of the liquid meniscus and of a
reference were recorded. The liquid height from the bottom
of the calorimeter was calculated from the known distance
of the reference mark from the inside hottofe of the calorimeter
(176.7 mm. ).
E. Analysis of the Calorimeter Contents
The contents of the calorimeter, after an experimental
determination, were dissolved in \mter and the calcium pre-
cipitated as calcium oxalate. The volume of potassium
permanganate necessary to titrate a 300 ml. aliquot of an
acid solution of the oxalate was recorded. The weight of
calcium present in the calorimeter, determined from the
analysis, was also recorded.
F. E.M.F. Measurements
The potentiometer and galvanometer scale readings were
observed for each minute interval. Any notes necessary
for calculation and interpretation of the data were recorded.
This included the gas-collecting system data, calorimeter
line pressure readings, the exact time of the breaking of
the bulb, and information concerning the reaction.
I
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TABL]i 4 KKPERIi.IM'JTAL DATA EXPERBffiDT A
DATE August 17, 1948
Determination of
Heat of Solution of
CALCrJl^I V/ITH LIQUID
AL5M0HIA







g Wt. of cylinder
and HHg
728.57 g
Wt. of Ca UTTOUB g Wt. of cylinder 606.42
Volume of bu lb 1.74 ml. Wt. of HHg 122.15 g
Wt. of Ca in vacuo 0.4025 g Volume of line 800 ml.
Gram-atoms of Ca 0.1000 HHs in line















from bottom 153.7 mm.




balanced with respect to
standard cell.
Time Potentio- Galvanometer Dotes








breaking of the bulb.

29.






L-793.1 mm E-622.1 mm.




1 30 1192 58.0





36 50.5 Calorimeter line
37 50.9 pressure
38 51.2 Manometer reading i











46 47.2 Juggling sample rod
47 54 .6 needle valve opened
48 59.4 Rest point 47.5
49 62.9 Reaction over
50 63.7 Calorimeter line
51 1190 54.4 pressure
52 54.7 Manometer reading






59 57.2 Rest point 47.6
60 56.7
61 57.5






L-654.95 mm R-764.15 mn •

(CABLE 5 EXPERIMENTAL DATA EXPERILIENT B
DATE September 3, 1948
Determination of Heat
of Solution of GALCim
Y/ITH LIQUID AIvCiONIA
Y/t. of Calcium Sample B. YVt. of NH-z in Calorimeter
Wt. of bulb and Ca 6.1481 g Wt. of cylinder
Wt. of bulb 5.7270 and NHrz 718.45 g
Ut. of Ca IT'.T2TT Wt. of cylinder 606.63
Volume of bulb 3.14 ml. Wt. of NH TTETUH g
YYt. of Ca in vacuo 0.4248 g Volume of’^line 800 ml •
Gram-atoms of Ca 0.106 NHcr in line 0.84 g
Y/t. of NHg in
calorimeter 110.98 g





Reference mark 756.35 mm
Height of reference
mark from bottom
of calorimeter 176.7 mm
Height of liquid
from bottom 139.1 mm




balanced with respect to
standard cell
Time Potentio- Galvanometer Notes
(minutes) meter (uv) reading
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L-651.00 mm R-768.10 mo
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table 6 EXPERIIffiETAL DATA EXPERIMENT C ,
DATE September 23, 194$
Determination of Heat
,
of Solution of CALCIUM
WITH LIQUID AiViMUNIA
Wt. of Calcium Sample B. Wt. Of NHg in dalorimeter
Wt . of bulb and Ca 4.7212 g Wt. of cylinder
Wt. of bulb 4.5073 g and NH-3 728.89
Wt. of Ca 0.213^ g Wt. of" cylinder 615.72
Volume of bulb 3.03 ml. Wt
.
Of NH3 TTBTTT g
Wt. of Ca in vacuo 0.2175 g Volume of line 800 ml •
Gram-atoms of Ca 0.00544 in line 0.84 g
Wtv of NH3 in
calorimeter 112.33 g





Reference mark 754.80 mm
Height of reference
mark from bottom
of calorimeter 176.7 mm
Height of liquid
from bottom 144.7 mm.




balanced with respect to
standard cell.
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solution of calcium. Gas-
collecting system pressure
Manometer reading
L-637.15 mm R-697.85 mm
h-
TABLE 7 EXPERDiEl'lTAL DATA
A, Wt. of Calcium Sample
Wt. of ‘bullD and Ca 5.8019 g




2 . S7 ml
.
Wt. of Ca in vacuo 0.1759 g
Gram-atoms of Ca 0.00440
C. Eo Ammonium Iodide Used




balanced with respect to
standard cell.
EXPERIIvIEET D
DATE September 28, 1948
Determination of Heat
of Solution of CALCIUli
WITH LIQUID AmOEIA
B. Wt. of EH^ in Calorimeter
Wt. ,of cylinder
and EH3 731.48 g
Wt. of cylinder 626.74
Wt. of EHg 104 .74 g
Volume of line 800 ml.
Mg in line 0.84 g
Wt. of EHg in
calorimeter 103.90





Reference mark 756.40 mm
Height of reference
mark from bottom
of calorimeter 176.7 mm
Height of liquid
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TABLE 8 EXEERII\ffiETAL LATA EXPERIIvIEET E
LATE October 8, 1948
Leterminat ion of Heat
of Solution of CALCIUM
WITH LIQUIL AIvniOLIA
wt. of Calcium Sample B. V/t. of Mg in Calorimeter
Y/t
.
of bulb and Ca 6.1741 g 7/t. of cylinder 1 ,
Wt. of bulb 5.9765 and Mg 748.07 g 1
Wt. of Ca TTVlTTe’ g Y/t. of cylinder 626.07 i
Volume of bulb 1.83 ml. Y/t. of Mg TEF7DU g '
Y/t. of Ca in vacuo 0.1998 g Volume of line 800 ml
.
Gram-atoms of Ca 0.00500 Mg in line 0.84 g ,
Wt. of Ms in
calorimeter 121.16 g




Reference mark 757.65 mm
Height of reference
mark from hottorc
of calorimeter 176.7 mm
Height of liquid
from bottom 141.3 mm




balanc ed with respect to
standard cell
Time Potentio- Galvanometer Rotes































































L-667.65 mm R-697.85 mm





























TABLE 9 EZPERIIvIEUTAL DATA EXPERIIiLEDT P
DATE December ,29 , 1948
Determination of Heat
of Solution of CALCIUM
WITH LIQUID AILIOUIA
A* Wt. of Calcium Sample
iVt. of bulb and Ca 4.8725 g
Y/t. of bulb 4.6925
Wt. of Ca 0.1800 g
Volume of bulb 1.20 ml.
Wt. of Ca in vacuo 0.1814 g
Gram-atoms Ca 0.00452
C. Uo Ammonium Iodide Used
B. Y/t. of Mg in Calorimeter
7/t. of cylinder
and Mg 1026.76 g!
Wt. of cylinder 914.21 (
Wt. of 112';55 g':
Volume of line 800 ml.
;
Met in line 0.84 gi!
Wt? of M in
||
calorimeter 111.71 g^





Reference mark 761.65 mm
Height of reference
mark from bottom
of calorimeter 176.7 mm
Height of liquid
from bottom 143.9 imn
E. Analysis of Calorimeter 'Contents
Vol. of ZMn(J4 used
in titration of
300 ml. aliquot 25.50 ml.
Wt. of Ca present
{ Ca metal and Ca
as oxide) 0.1747 g
P. E.M.P. Measurements
Potentiometer battery circuit
balanced with respect to
standard cell
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TABLE 10 EKPERD/ffiUTAL BATA
A*
EZPEHILIEBT G
BATE January 5, 1949
Betermination of Heat
of Solution of CALCITO
WITH LIQUIB AIuvIOBIA
Calorimeter
Wt. of Calcium Sample B. Wt. of EHcj in Calorimeter
wt. of bulb and Ca 4.4113 g Wt. of cylinder
v/t . of bulb 4.2186 and BHg 1025.69 g
wt. of Ca 0.1927 g Wt. of cylinder 914.41
Volume of bulb 1.51 ml. Wt. of BHg “IITTS'B g
Wt • of Ca in vacuo 0.1945 g Volume of line 800 ml •
Gram-atoms of Ca 0.00485 BH3 in line 0.84 g
Wt. of HSg in
calorimeter 110.55 g




Reference mark 762.45 mm
Height of reference
mark from hottom
of calorimeter 176.7 mm
Height of liquid
from bottom 141.3 mm
E. Analysis of Calorimeter Contents
Vol. of ElvInO)^ used
in titration of
300 ml. aliquot 27.63 ml.
Wt. of Ca present
(Ca metal and Ca




balanced with respect to
standard cell.
Time Potentio- Galvanometer Hotes
(minutes) meter (uv) reading









Bath temperature 25^ .l°c
30 1197 49.0
31 49.3 Rest Point 49.2
32 49.2 Pump on
33 49.7 Calorimeter line pressure
34 49.5 Manometer reading
35 49.5 L-467.8 mm R-496.0 mm
36 49.9 Rest Point 49.7
37 50.3
38 50.5
39 50.5 Pump off
40 50.5 Rest Point 49.5
















49.3 L-467.0 mm R-496.5 mm54 49.4
55 49.2
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TABLE 11 EZIERIixEl'ITAL BATA EXPERBilENT 1
DATE EovemBer 5, 1948
Determination of Heat
of Reaction of CALCIUIA
IvIETAL WITH AlfiiOHIUM
I OH (Y/ire gau«e used)
A. Wt. of Calcium Sample B. V/t. of Mg in Calorimeter
Wt. of Bulb and Ca 5.1201 g
Wt. of bulb 5.0796
Wt. of Ca 0.0405 g
Volume of bulb 1.35 ml.
V7t. of Ca in vacuo 0.0421 g















C. wt. of Ammonium Iodide Used D. Liquid Height in
Y/t. required 0.337 e
Calorimeter
Wt. used 0.3469 g Cathetometer readings
Bottom of liquid
meniscus 726.60 mm
Reference mark 757.80 mm
Height of reference
mark from bottom
of calorimeter 176.7 mm
Height of liquid
from bottom 145.5 mm




balanced v/ith respect to
standard cell
Time Potentio- Galvanometer Hotes







breaking of the bulb.
Manometer reading
L-786.7 mm R-762.0 mm
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L-469.0 mm R-494.8 mm
Bulb broken
Reaction very slow
Still reacting - blue color
under platinum gauze
Reaction apparently over
but still blue under gauze
Calorimeter line pressure
Manometer reading
L-468.9 mm R-495.0 mm
Ammonia vaporized during
reaction of calcium. Gas-
collecting system pressure
Iianometer reading
L-635.5 mm R-720.0 mm.
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At the end of the ex-
periment there was still
a blue solution trapped
under the wire gauze.
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table 12 EXPERIIffiLITAL DATA EXPERIIvIEUT 2
DATE iiovemLer 9, 1948
Determination of Heat
of Reaction of CALCIUM
liETAL WITH AIvMOHIUivI
LOR ( Wire gauze used)
A. Wt. of Calcium Sample B. Wt. of MHg in Calorimeter




Wt. of Ca in vacuo







C. wt. of Ammonium Iodide Used
Wt. required 0.319 g























Reference mark 757.80 mm
Height of reference
mark from bottom
of calorimeter 176.7 mm
Height oif liquid
from bottom 145.8 mm



















breaking of the bulb.
Llanometer reading
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L-645.25 mm R-694.20 mm
At the end of the ex-
periment there was still
a blue solution trapped
under the wire gauze.
0
49.
table 13 EXEEHIlffilJTAL DATA EZPERILIEBT 3
DATE DovemLer 18, 1948
Determination of Heat
of Reaction of CALCIUII
WITH AivOdOHIUH I OH
( Ho wire gauze used)
HETAL
A. Wt. of Calcium Sample B. Wt, of HH^ in Calorimeter
Wt. of bulb and Ca 3.3478 g W't. of cylinder
Wt. of bulb 3.3113 and Hhg 1031.70 g ''
Yvt. of Ca 0.0^^5 g Wt. of cylinder 914.13 i|
Volume of bulb ir. 24 ml
.
Y/t. of 117.57 g i
Wt. of Ca in vacuo 0.0380 g Volume of line 800 ml •
1
Gram-at oms Ca 0.00095 HH„ in line 0.84 g
Wt. of HH3 in
calorimeter 116.73 g
C. V/t. of Ammonium Iodide Used D. Liquid Height in
Calorimeter
Wt. required 0.30i g
V/t. used 0.3621 g Cathetometer readings
Bottom of liquid
meniscus 7E9.55 mm
Reference mark 759.60 mm
Height of reference
nark from Bottom
of calorimeter 176.7 mm
Height of liquid
from bottom 146.7 mm




balanced with respect to
standard cell.
Time Potentio- Galvanometer Hotes







breaking of the bulb,
liianometer reading
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(minutes) (uv) (scale div.) Uotes
Bath temperature 25:r.l°C




45 54.1 Calorimeter line pressure
46 54.2 Manometer reading
47 54.6 L-469.3 mm R-494.8 mm
48 54.4
49 54.8
50 55.0 Bulb broken
51 1198 58.5 Rapid reaction but no






58 49.9 Reaction over
59 49.3 Calorimeter line pressure
60 48.6 Manometer reading










L-643.25 mm H-722.90 mm
X ? ) ( v;f
)
. V ? 0 . V c!
TABLE 14 EXPERIIvffiETAL DATA
A. V/t. of Calcium Sample
Wt. of Lulb and Ca 4.4296 g
V/t. of bulb 4.3938
Wt. of Ca O.U358 g
Volume of bulb 1.51 ml.
Wt. of Ca in vacuo 0.0376 g
Gram-atoms of Ca 0.000938
C. V/t. of Ammonium Iodide Used
EXPERIIvEEET 4
,
DATE Dovember 26, 1948 i
Determination of Heat
of Reaction of CALCIUM
METAL WITH AIL.IOHIUM
lOH (Ho wire gauze used}

























Reference mark 761.70 mm
Height of reference
mark from bottom
of calorimeter 176.7 mm
Height of liquid
from bottom 145.5 mm
E. Analysis of Calorimeter Contents
Vol« of Elvln04 used
in titration of
300 ml. aliquot 5.02 ml.
Wt. of Ca present
( Ca metal and Ca
as oxide) 0.0343 g
P. E.M.P. Measurements
Potentiometer battery circuit
balanced with respect to
standard cell.
Time Potentio-
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breaking of the bulb. '
Manometer reading
L-784.0 mm H-750.3 mm
j





































L-467.9 mm R-496.0 mm
Rest Point 50.4
Bulb broken





L-468.0 mm R-495.7 mm
Ammonia vaporized during
reaction of calcium. Gas-
p®^^Goting system pressure
Manometer reading
L-652.65 mm R-738.45 mm
•V'
TABLE 15 EKPERIivIEETAL BATA
A. Wt • of Calcium Sample
EXPERILCEET 5
BATE BecemLer 15, 1948
Beterminat ion of Heat '
of Reaction of CALCIUM,
ivIET^iL Y/ITH AIMOHIUM ,1
lOH { Ho wire gauze used
)
B. \/t. of lilHg in Calorimeter
Wt. of bulb and Ca 4.4344 g
V/t. of bulb 4.3969 ^
Wt. of Ca 0.0375 g
Volume of bulb 1.77 ml.
Wt. of Ca in vacuo 0.0396 g
Gram-atoms of Ca 0.000988
C. Wt . of Ammonium Iodide Used
Wt. required 0.317 g
Wt. used 0.3200 g
E. Analysis of Calorimeter Contents
Vol. of 2Mn04 used
in titration of
300 ml. aliquot 18.84 ml.
Wt. of Ca present
( Ca metal and Ca
is oxide) 0.0388 g
Wt. of cylinder
and Mr. 1031.87 g
Wt. of^cylinder 914.21
Wt . of IJHg ll7 . 66 g
Volume of line 800 ml.
HHg in line 0.84 g







Reference mark 759.70 mm
Height of reference
mark from bottom
of calorimeter 176.7 mm
Height of liquid
from bottom 144.8 mm
E. E.M.E. Measurements
Potentiometer battery circuit
balanced with respect to
standard cell
Time Potent io-










breaking of the bulb.
Manometer reading
L-774.3 mm R-717.1 mm



































56.545 1£16 53. £46 53.447 53.048 5£.3
Rest Point 49.
£





L-467.9 mm R-496.9 mm
Batteries balanced
Bulb broken
Reaction almost over but
blue solution on bottom
of bulb




























































































I\lo blue solution left
Calorimeter line pressure
lianometer reading







reaction of calcium. Gas-
collecting system pressure
Manometer reading
L-651.25 mm R- 740.35 mm

TABLE 16 EZPERIMKETAL DATA EXPEEIMEDT
:
DATE October 23, 1948
Determination of Heat
of Solution of AIvMOl'IIUM
BROMIDE WITH LIQUID
AMMOHIA
A. V/t. of Ammonium Bromide
Wt. of Lulb and HH4Br 10.1453 g
Wt. of "bunD
V/t . of DH4Br
Volume of LulL








B. Y»t. of UHg in Calorimeter
V7t. of cylinder
and IIH3 1028.84 g
Y/t. of cylinder 914.60
Wt. of DHs 114.24 g
Volume of line 800 ml.
IIH3 in line 0.84 g
Wt. of Mg in
calorimeter 113.40 g
D. Liquid Height in
Cal orimxet er






Reference mark 758.65 mm
Height of reference
mark from Bottom of
calorimeter 176.7mm
Height of liquid
from Bottom 141.5 mm
Potentiometer Battery circuit
Balanced with respect to
standard cell.
Time Potentio- Galvanometer Dotes








Breaking of the BulB.
Manometer reading
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L-471.0 mm R-492.5 mm
Rest Point 41.5
Bulb broken
Some sample stuck in bulb
Sample rod shaken





L-469.1 mm R-494.5 mm
Ammonia vaporized during
solution of ammonium
bromide. Gas-collecting systtempressure '
Manometer reading
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The heat of reaction or solution is represented as
the sum of the heat effects accompanying (1) the temperature
change of the calorimeter and its contents, and (2) the
•vaporization of the ammonia collected in the gas-collecting
li
! system during the reaction period.
The heat effect associated with the temperature change
of the calorimeter and its contents is calculated by multi-
i
plication of the total heat capacity of the system and the
! observed temperature change of the calorimeter.
A. Calculation of the Temperature Change
In this research the method described by V/hite is
used to calculate the temperature change of the calorimeter




heat added to or removed from the calorimeter and the heat
' added or lost due to leakage through the walls of the
I calorimeter. The observed temperature change is the sum
of these two factors.
To get the temperature pattern the thermocouple EMP's
recorded during the course of the experiment are plotted as
a function of time and a smooth curve drav/n through the points.
The observed temperature change, A (5)
,
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difference of the final and initial temperatures of the
reaction period. To this is added the temperature change
due to the thermal leakage of the calorimeter
,
. The value,
n is calculated using an improved form of the Regnault-
Pfundler egiiation
where Va and ( in uv. /minute) are the rate of change of
the temperature in the periods preceding and following the
reaction period, respectively; 0^, 0r ( ia microvolts)
are the mean temperatures observed during the three periods,
I
and Tx ( in minutes) is the length of time of the reaction
period. The actual temperature change,^ OP, is;
( 5 ) A 0 1“ "A
where A0^ is expressed in microvolts.
The first step in the construction of the temperature
pattern is the conversion of the potentiometer scale readings
to the corresponding thermocouple EPIP’s.
The sensitivity of the potentiometer is determined
using equation (6)
(6) S ® Rb - (Ra aR)
PB - Pa
where S is the sensitivity (number of scale divisions per
microvolt), R^ and R^ are consecutive scale readings, zvR is
the mean scale reading change over a period prior to R^, and
and P^ are the potentiometer settings.
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io jbT. Ici^:ni Hxi^. lunii oJ;* lo soisoi'olr'^ii)
y;s^afiiro yrjua riTSo; ;.’ot ?).'iJ' ijsiiijfl li: -ai f‘ v'*. .boxT:jq aotJossT:
,
sjXb/ yfij'
, j T &;--* .'^li TO.i^io oifo* 'to 93*j3(,v5X I.'.:rrTO-.':t 9r<t :>^ or.L
-iXuen:>o3 orfJ Xto i.'tic’?: r-)9YjT.q,ii ni^ ^Aaisa i?Ov^^I;rolBo si f.’
jOtw.'OpS TOlfjCIfli
io c.qoifCu :o 9v 0o Oilv 0'U5 I irr.' . TXi ) -V ^rx; cV STOtlw
O-it iwollo^ LZ2 SntroodTq sXoi'iO:^ vds al STirtsroqjiOj odl
(^.liovoiof y 4ii ) ; .isrilooqsoT .fio'ioq noidoBOT
.‘bOtT-j; 99*1X1 9xlv' Saill/i; b 3 7 i • *". (fO SO'Xb' J ^•iruCt CBefO 9.il 9TB
\








. c; f r oTOToiin at Jjo:;e.9 i‘jx3 3i'®AyT9riw
o'nilSTeqniol ''XI tto ooito.Tlsnoo odl ai qols tsTil ad'X
:j’3nif»B:>T filBos 19 4 'TOi Inal jq ^‘dl xO noiaT9v:;Oy aal *i£ xsTOJ^jBq;
• s' " . olviij: joen<»xfl ^nti^coqbSTTOo oril ol









TO'i 0 . '-If "r.'ti >£-.:% lo lad.. f-n
)
vjl7l:t iza5(i sdJ at i aiorlw
3i .i” oT ol.'oo 97iiuo9ar»oo oo-j cl- * , ir'^TOToito
,^.4 01 TOliq boitaq i970 O'jnBxio ^a.tXui9T ol ^oa uBam eXl
..3*^njtldoB lol^xaotlf.oJoq 9dl oTXi Saa u
60
The sensitivity determined from the above eq^uation is
substituted in Equation (7) where the galvanometer scale
readings are changed to thermocouple EIvIP’s.
(7) E - ^
E is the thermocouple EI.IP , P the potentiometer setting, Rq
the scale reading with the circuit open, R is the scale
reading with the circuit closed, and S id the sensitivity.
Since is in microvolts and the temperature change
is desired in degrees centigrade, the value ofA(S?^Ei^st be
divided by a value of dE/dT (Table 35) at the mean reaction
temperature.
B. Calculation of the Heat Capacity of the Calorimeter and
Its Contents
The total heat capacity of the system is the sum of
several individual heat capacities. They are the heat
capacities of the ammonium salt, the ammonia in the calorimeter,
I
the calcium metal used, the platinum stirrup, and all glass
immersed in the liquid (this includes the submerged portion
of the thermocouple, the stirrer, sample crushing rod, and
calorimeter walls).
The heat capacities of the ammonium salt and of the
calcium metal are determined by multiplication of their
respective specific ^eats (taken from the literature) by the
weight of each used.
The contribution to the total heat capacity of the
system by the platinum stirrup and glassware (excluding the
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calorinfiter walls) is determined similarly.
The heat capacity of the calorimeter walls has been
9
determined as a function of the height of the liquid level
and has been found to vary in a linear manner (Fi^re 19).
The liquid level height is determined from cathetometer
readings of the meniscus of the liquid and of a reference mark.
The reference mark is a known distance from t be bottom of the
calorimeter. The heat capacity of the calorimeter correspondinj
to any particular liquid height can be read directly from the
plot of Heat Capacity vs. Liquid Height (Figure 19).
The heat capacity of the liquid ammonia in the calori-
meter is the product of the specific heat of the ammonia at
the mean temperature of the reaction period and the weight of
ammonia in the calorimeter.
The specific heats of liquid ammonia at temperatures
22
around its boiling point are given in Table 17.
Table 17
HilAT CAPACITY OF LIQUIL ALn;IOHIA







22. Overstreet and Ciauque
,
J. Am. Chem. Soc.59, 254
(1937)
. '^X 1 jal i .ii i*E Xo r. i: c! 'I t oX ( r. IX rjr 'Xa :: i: td ^ ^io
HDod 3isi u.'Tiiw ti^^XioIno orft '^o '^^LcB7-?o tjeoxf sffT •
e
XixJoiX oi:^. 5:0 dri'^xor! sxf5 ncij-oniii j3 XocXiiis-toX
*xau 3i30 5od5^o iJotc'x L * tirfi 35 aX ei ^di^Adti XjVoX Xxx;pil 9rfl
I*iBar 90r.9T9’:e»- fi 5o Xna bxtipii o.'fo 5o 3.>''Eifjorii .);it lo
e.X3 lo aojiuoo' “^(5 :rtoi5 oot;/ J'.ib in.Ofri x. fti: UTan ooi.oiax^’r tixil'
tiJX'O'^Boi'xoo 'i;4oiu5ToXso lo i23’iofcC[x^o 9ffT .'xo'X^ci l-iclajo
3Xft \Zici3ztb JbS’^'T ou 5o'3;:-3ri ^ijrpXX *rx<Xroi:.r*iHq[ \;nx} ol
-i-xoliso ar'-^ dx alno. ix-': xi»iprX oxlu Ic locqjBo srfl’
jH OiCl lo :} 3f>ii rulro^jqe oxli lo looto'iq orft si toIoji
-rr jl9;"tt:oXi5o odx ni Bxaoia.x8
fl'-no-x.a fjixroLI io nd’aox; cilio^q*! adX
.is*
"'-
. ;X DXc'jbX at iiOVLTi oTB oaioq ^.niXic ’ sJ’i
71 :iXtfa?
i:l •"t£57 o,t bfixjol noacT axd JbaB
{91 o-vxivi i) 73^, CO;- htirpx.: . Icjactxiw 5o lolq
lo J '* Oil
-'Xi *5I05 Ofi90!
dX.
,ev.5K)ti .TiadQ rsiX JJCii 5 ost5ststO . 3S








K C-n (Cal ./mole /o I ) Calculated specific
^ heat (Cal./g/oc.)
239.1 (-34°C) 18.14 1.065
240.1 (-33°C) 18.13 1.065
241.1 (-32°C) 18.12 1.064
The weight of ammonia in the calorimeter is calculated
]
hy subtracting from the weight of ammonia condensed into the i
ij
calorimeter the weight of ammonia vaporized prior to the !|
i!
reaction and one-half the weight vaporized during the reaction. |i
C. Calculation of the Molar Heat Effect (
The product of the total heat capacity of the system
||
and the change in temperature yields the heat effect associated
with the temperature change of the calorimeter and its
contents
.
The heat effect brought about by the vaporization of
ammonia during the reaction period is calculated by
multiplication of the weight of ammonia vaporized and the heat
of vaporization of liquid ammonia at the mean reaction
temperature. It has been assumed that the specific heat of
vaporization of the liquid ammonia solutions is the same as the
heat of vaporization of pure liquid ammonia. The variation of
23
the heat of vaporization with temperature is shown in Table 18.
23. Osborne and Van Dusen, Bur. Stand. Bull . 14, 439
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Table 18
HEAT OF VAPORIZATION OF LIQUID AmONIA
Data from Ref. £3 Interpolated values
T°C H ( joules
)
T°C H(cal./g)
-35.0 1373 -34 327.6
-33.4 1369 -33 326.9
-30.0 1359 -3£ 326.2
-£5.0 1344 -31 325.5
The weight of ammonia vaporized is calculated using
( 8 ) FV n R t|f^ 9 U.G. (1-6 ^c^j
[ 128PcT
V tH/
Inserting the values of the critical constants we have
equation (9)
(9) g= PV (0.0006964)
1 - 0.00828P
where g is the weight of ammonia vaporized, P is the pressure
in atmospheres of the ammonia collected in the gas-collecting
system, and V is the volume of the gas-collecting system.
Since in a heat of reaction determination both hydrogen and
ammonia are vaporized, we miist assume the applicability of both
Dalton's Law of Partial Pressures and the Ideal Gas Law. In
view of the low pressures involved these assumptions appear to
introduce only negligible errors. Using Dalton's Law, the
pressure of ammonia collected is calculated as the total
pressure of gas (ammonia and hydrogen) collected less the
pressure exerted by the hydrogen gas. The pressure of hydrogen
is determined by use of the ideal gas PVanRT where n, the
83Li .-7 alOqTOCfi:!
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mimlDer of moles of hydrogen^ is equal to the number of gram-
atoms of calcium participating in the reaction.
^ It is necessary to correct for slight differences in the
line pressure of the calorimeter before and after the reaction.
The weight of ammonia in the line at each pressure is
calculated using equation f9). A value of 800 ml. is
substituted for V in equation (3). This value includes the
volume of all the glass line plus one-half the volume of the
calorimeter above the liquid level. A rough estimate of the
additional amount of ammonia vaporized is one milligram per
millimeter increase in line pressure.
The total heat effect produced by the reaction of
c&lcium metal in liquid ammonia can now be determined by
addition of the heat effects calculated from (1 )aT x Total
Heat Capacity and (2) Y»eight of ammonia vaporized x heat of
vaporization. Dividing the total heat effect associated with
the reaction by the number of gram-atoms of calcium taking
part in the reaction yields the heat of solution or reaction
per gram-atom of metal.
Since the calcium used was found to be impure several
of the experiments were followed by an analysis of the contents
WclS
of the calorimeter, and the total heat eff ect^corrected for
^
the amount of the sample which actually participated ih the
reaction as calcium metal.
Assuming the impurity to be only calcium oxide,
a
calculation was made (using the percent of the oxygen present
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in the sample, the atomic weight of calcium, and the molecular
weight of calcium oxide) to determine the weight of calcium
oxide present.
A value of 30,000 cal./gm-atom was used for the heat
effect produced hy the reaction of calcium oxide with ammonium
ion in liquid ammonia. Since the heat of reaction of the
alkali metals with ammonium ion in liquid ammonia is
approximately two-thirds the heat effect associated with the
similar reaction with in water, it was assumed that the
f heat of reaction of calcium oxide with ammonium ion in liquid
ammonia would he two-thirds of the heat effect produced hy the
i
I
reaction of calcium oxide with hydrogen ion in the water. The
value for the heat of reaction of calcium oxide in the aqueous
system was determined from heat of formation data. The heat
j
effect associated with the reaction of calcium oxide with "the
ammonium ion in liquid ammonia is less than three percent of
the total heat effect produced during the experiment. There-
fore it appears that any error introduced hy the assumptions
involved in determining the value of 30,000 calories would he
very small.
Multiplication of the number of gram-atoms of calcium
oxide present hy the heat of reaction value (30,000 calories)
produced the heat effect associated with that mny gram-atoms
of calcium oxide reacting in liquid ammonia.
The number of gram-atoms of calcium involved in the
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during the reaction was now different than had originally heen
j
thought. I'his necessitated the redetermination of the weight
j
of ammonia collected in the gas-collecting system^ and a
I




of this new weight of ammonia.
i
I
The total heat effect produced in the reaction was the
! sum of the heat effects associated with i'X) the temperature
[
I
change of the calorimeter and its contents, and (2) the
vaporization of the corrected weight of ammonia, subtracting
^rom this sum the heat effect associated with the reaction of
solid calcium oxide with ammonium ion in liquid ammonia
yielded the heat effect associated v/ith the reaction of calcium
metal only. Dividing this value by the number gram-atoms of
;
calcium actually involved in the reaction yielded a new value '
for the heat of reaction of calcium metal with ammonium ion
in liquid ammonia.
(Quantitative tests shov/ed calcium ixide to be insoluble
in liquid ammonia. Therefore the only correction necessary in
heat of solution calculations was in the actual number of
gram-atoms of calcium going into solution. The total heat
effect remained the same. The heat of solution was recalculatec
by dividing the total heat effect by the number of grams of
calcium going into solution.
A detailed sample calculation is presented in Table 19.
I
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fB -
at t = 36 minutes
3 - 46.9 - (51>5 0.2) I “4.8 scale div./uv.
12 00 - 1199
Brom equation (7)
E = P+ ^0 ~
S
E = 12 00 + 49.9 “ 46.9 ^ 1199.4 uv.
-4.8
Substitution in equation (7) of the values P, Rq, R, s-nd S
for each minute interval yields the corresponding values of
E. They are tabulated as shown:
Time P R E
56 1200 46.9 1199.4
37 12 00 46.9 1199.4
38 1200 47.0 1199.4
where the time is in minutes, P is the potentiometer setting
in microvolts, R is the galvanometer scale reading, and E
is the EIvIB in microvolts. These values are plotted to obtain
the temperature pattern of the experiment.
^ GP is obtained as the sum of A ®
A®
- the difference between the final and intial temperatures
of the reaction period = 19.5 uv.
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•n is obtained -using the modified form of the Regnault-Pf-undler
equation
= [’n = hr
IzSr - 4 { 4
- )/ T;
Por this experiment X = 1.2 uv.
19.5 4 1.2 = 20.7 uv.
now converted to teijiperature in degrees centigrade.
At the mean EUP (1218.1 uv.)




-20.7 = -0.586 ^0
dE/dT 35.^5
E. Heatu Capacity of System
Ammonia vaporized prior to the reaction
g
- PV (0.0006964)
1 - 0.00828 P
g- (gg»’7/760) (6715) (0.0006964) = 0.2074 g
1 - 0.00828 (33.7/760)
The heat capacity of the system is the sum of the individual
heat capacities involved. The manner in which the individual





The heat effect associated with the tem.perature change
of the calorimeter and its contents :
^T X Heat capacity of system = -0.586 x 145.3 = -85.2
Heat of vaporization
a. Moles hydrogen evolved
-
gram-atoms Ca = 0.000938
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d€COuO, = .aO sao;^o-.”i**.rj - f&vlova na-goioid aeloKi .
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T:.a *71
I'j V
p r (0»0009g8) (62.05) (296) z 2.60 mm.
6715
c. Mm. of ammonia collected
Total pressure ammonia and hydrogen 65.80 mm
' pressure hydrogen 2.60
pressure ammonia .^0 mm
d. Weight ammonia evolved
Substituting in equation (9)
g = (85.20/760) (6715) (0.0006964) 0.5124 g
1 - 0.00828 ( 83.20/760)
e. Eo line pressure correction ( It would he calculated
using equation (9) where V" 800 ml.)
f. The heat effect associated with the vaporization of
ammonia
V/t. ammonia vaporized x Heat of vaporization per
gram at mean reaction
temperature
0.5124 X 326.9 = 167.5 cal.
3. Total Heat effect - 167.5 - 85.2 = 81.5 cal.
This is the heat effect associated with the reaction
of calcium with the ammonium ion, therefore
AHp " 81.5 cal . - 87,700 cal. per gram-atom
0.000938
D. Analysis of Calorimeter Contents
Titration with potassium permanganate showed 91.2% of the
sample weight to he calcium. Assuming the remaining 8.8%
to he oxygen the percent of calcium oxide was determined.
Molecular Wt. calcium oxide
Atomic Wj? . oxyge n
X % oxygen z % calcium
oxide
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X 8.8 r £8.7^ calcium oxide




Wt. of calcium present = Vrt. of sample x % calcimm
metal
0.0376 X .813 = 0.0305 grams
£. Wt. of calcium oxide present I 0.0376 - 0.0305
= 0.0071 grams calcium oxide or 5.000127 gram-atoms
E. Corrected Data
1. Since the weight of calcium metal present has
changed
,
the numher of moles of hydrogen evolved
must also have changed. Using the Ideal Gas Law,
as before, where n is the new number of gram-atoms
of calcium
Pv « - 2.10 mm.hydrogen
^ammonia ~ 83.70 mm
2. Prom equation (9) the weight of ammonia vaporized
is found to equal 0.5115 grams.
3. The heat effect associated with the new weight of
ammonia vaporized equals 168.5 cal.
4. Total heat effect = 168.5 - 85.2 = 83.3 cal.
5. Heat effect due to reaction of 0.000127 moles of
calcium oxide with ammonium ion
0.000127 X 30,000 cal. :: 3.8 cal.
The heat of reaction per mole is assumed to be
30,000 calories.
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6. Corrected heat effect
83.3 - 3.8 I 79.5 cal.
7. Corrected heat of reaction per gram-atom of calcium
me tal
.
79.5 cal./ 0.000761 -•105,500 calories

7E.
TABLK 20 SUI'fivLASY OF CALCULATIONS
^t'lX P i^j i~( Iiiilbii\i T A
A. Temperature Change
Average E (from temperature pattern)
Average T (from Table 35)
dE/dT / (Table 35)
^ E (h(2))
6 T







































0.116 X 151.1 17.5 cal
E. Heat of vaporization:
a. Volume of gas-collecting system 6715 ml.
b. ]}jjn of ammonia collected 109. E mm
c. Wt . of ammonia vaporized 0.6730 g
line pressure correction 0.0033
g
. Y/t. ammonia x heat of vaporization
per gram (Table 18) = 0.6763 x 326.4 cal./g EE0.6
3. Total heat effect r 17.5 1*220.6 238.1
4. Heat of solution per gram-atom calcium
238.1 cal/O.OlOO = ^Hq = -23,800 cal.
L. Lilution Ratio - 760 moles NHg/ gram-atom calcium
1 . ~
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TABLE 21 SULCvIAHY OF CALCULATIONS
EXPEHIIIENT B
A. Temperature Change
Average E (from temperature pattern)









12 . 2 uv
0.346 °C





























ij Total Heat Capacity of System
li
I; C. Heat Effect
115.8
136.9
1. AT X Heat capacity of system = 0.346 x 135.9
2. Heat of vaporization
a. Volume of gas -collecting system
h. Llm of ammonia collected








d. V/t. ammonia x Heat of vaporization per
gram (Table 18) = 0.7243 x 326.5 cal/g
3. Total heat effect = 47. 0^ 236.5
4. Heat of solution per gram-atom calcium
283.5 cal. /0. 0106 = ZiHi =-26,800 cal.
236.5
283.5
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Average E (from temperature pattern)











B. Beat Capacity of System









(from iffig. 19 for
liquid height
























A T X Heat capacity of system z -0.079 x 140.0
Heat of vaporization
a. Volume of gas-collecting system 6715 ml.
b. Min of ammonia collected 60.70 mm
c. Y/t. of ammonia vaporized 0.3728 g
line pressure correction - 0.0013
0.3715
d. vYt . ammonia x Heat of vaporization per
gram (Table 18) = 0.3715 x 326.8 cal/g
Total heat effect = 121.6 - 11.1
Heat of solution per gram-atom calcium
110.5 cal/O. 00544




Lilution Katio - 1215 moles IJHg/ gram-atom Ca
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B. Heat Capacity of System
Average E (from temperature pattern)




A E ( 60)
aT
Item Weight (g) Specific Heat
Heat^cal/g/Oc ) Capacity
(cal/oc)
1. Glass 6 0.2 1.2
2. Calcium 0.1759 0.15 0.1
3. Calorimeter












Total Heat Capacity of System 129.3
C. Heat Effect
1.
AT X Heat capacity of system = -0.082 x 128.2
2. Heat of vaporization
a. Volume of gas-collecting system 6715 ml.
h. LIm of ammonia collected 54.90 mm
c. V/t . of ammonia vaporized 0.3380 g
line pressure correction 0.0040
0.34^0
d. Wt. ammonia x Heat of vaporization per
gram (Tahle 18) - 0.3420 x 326.6 cal/g
3. Total heat effect r 111.7 - 1©.6
4. Heat of solution per gram-atom calcium








'fABLE E4 SmUARY OF CALCULATIONS
EXPKRIMaNT E
A. Temperature Change
Average E (from temperature pattern)
Average T (from Table 35)











Item V/eight(g) Specific Heat
Heat ( cal /g/°G) Capacity
(cal/°C)
1, Glass 6
E. Calcium 0.199 8
3. Calorimeter










during reactio n 0.10
1E0.79










1. ^T X Heat capacity of system » 0.33E x 151.7
E. Heat of vaporization
a. Volume of gas-collecting system
b. ¥ua of ammonia collected
c. Ut. of ammonia vaporized
line pressure correction
d. V»t. ammonia x Heat of vaporization per
gram (Table 18) f 0.1947 x 3E6.6 cal/g
3. Total heat effect - 50.4 4 63.6
4. Heat of solution per gram-atom calcium









I). Dilution Hatior - 1430 moles NHg/gram-atom calcium

TkBLE 25 STTTJTT'JAT^Y OF CALCULAT lOIJS
KXPERILIEl^T P
A. Temperature Change
Average E (from temperature pattern)










B. Heat Capacity of System
Item T/eight (g) Specific Heat
Heat (cal/g/°C) Capacity
(cal/°C)
1. Glass 6 0.2 1.2
2. Calcium 0.1814 0.15 0.1
3. Calorimeter










during reaction 0.17 1.064 118.4
Total Heat Capacity of Systeiy 139.6
C. Heat Effect
1. AT X Heat capacity of system = -0.144 x 139.6
2. Heat of vaporization
a. Volume of gas -collecting system 6715 ml.
b. Mm of ammonia collected 54.8 mm
c. Wt. of ammonia vaporized 0.3392 g
line pressure correction -0.0035
0.3367
d. 7/t. ammonia x Heat of vaporization per
gram (Table 18) - 0.3367 x 326.6 cal/g
3. Total heat effect - 110.0 - 20.1
4. Heat of solution per gram-atom calcium




'D. Analysis of Calorimeter Contents
'
» : T









Wt . of calcium present
V/t • of calcium oxide present






Coarrected heat of solution per gram-atom calcium
89.7 cal/0/00395 = = -22,800 cal.
E. Dilution Ratio - 1660 moles gram-atom calcium
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ttable 26 SUlvIMARY OR GALCULATIOBS
EXPERIMENT G
A. Temperature Change
Average E (from temperature pattern)






































To'fcal Heat Capacity of System 137.5
C. Heat Effect
1. aT X Heat capacity of system = -0,099 x 137.5
2. Heat of vaporization
a. Volume of gas-collecting system 6715 ml.
b. Mm of ammonia collected 54,6 mm
c. Wt. of ammonia vaporized 0.3362 g
line pressure coreection 0.0013
0.3375 g
d. V/t. ammonia x Heat of vaporization per
gram (Table 18) = 0.3375 x 326.6 cal/g
3. Total heat effect = 110.2 - 13.6
4. Heat of solution per gram-atom calcium























D. Analysis of Calorimeter Contents
1. Wt. of calcium present 0.1895 g
2. Wt. of calcium oxide present 0.0171 g
3. V»t. of calcium metal 0.1774 g
4. Gram-atoms of calcium metal 0.00443
5. Corrected heat of solution per gram-atom calcium
96.6 cal./ 0.00443 r -£1,900 cal.










, Ii!>o XT \
2 CP j . 0 on •) 10 r.ux 0X£'} lo . iv
rvi^*" 3trlyc> c.iijtoliio lo ,,T^'
X.n^j(u 'lulol^o Xo .'Xvi
ii''‘Cv. I/SJoiii aiviifl.Bo 3o oraoto-tnirtv
i' q noi^irXos Xq ^<3oxf J&oXootioX
= xii^ = -:x-NCc.o \.x^o d.nc
.X
.2
fUJi'oX. n ctot/3 - \v:Kj4 3'iIoL^ CT XI - oxXii.X no
't#
;|
table 27 SUIIIARY OF CALCULATIONS
EZPERnffiNT 1
A. Temperature Change
Average E (from temperature pattern)













3* Ammonium iodide 0.3469
4. Platinum 6.4
5. Calorimeter





























Total Heat Capacity of System 145.1
C. Heat Effect
1. dT X Heat capacity of system = -0.584 x 145.1 -84.7
2. Heat of vaporization
a. Volume of gas-collecting system 6715 ml.
b. Total mm. gas collected 84.5 mm
c. Moles offi hydrogen evolved 0.00105
d. Mm of hydrogen collected 2.9 mm
e. Mm of ammonia collected 81.6 mm
f. Wt. ammonia vaporized 0.5026 g
No line pressure correction
g. Wt. ammonia x Heat of vaporization per
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79.53. Total heat effect - 164.2 - 84.7
4. Heat of Reaction per gram-atom calcium
79.5 cal. /O. 00105 = AHg = -75,700 cal.





Average E (from temperature pattern)















3. Ammonium iodide 0.5200
4. Platinum 6.4
5. Calorimeter
(from fig. 19 for
liquid height of
145.8 mm)
6 . Amm.onia in

























144.5Total Heat Capacity of System
C. Heat Effect
1. at 2; Heat Capacity of system - -0.059 x 144.5 -8.5 cal.
2. Heat of vaporization
a. Volume of gas-collecting system 6715 ml.
b. Total mm. gas collected 48.95 mm
c. Moles of hydrogen evolved 0.0010
d. Mm of hydrogen collected 2.77 mm
e. lim of ammonia collected 46.18 mm
f. Wt . NH 3 vaporized 0.2845 g
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g. Y/t. aminoaia vaporized x Heat of vaporizatio
per gram( Tatle 18) = 0*2851 x 326.6 cal/g
3. Total Heat effect = 93.1 - 8.5
4. Heat of reaction per gram-atom calcium
84.6 cal/ 0.0010 = = -84,600 cal.
^ ^ ' 1 1. . '
d . of




TABIiE 29 SUIvUvIARY OP CALCULATIONS
KXPERII\ffiNT 3
A* Tonperature Change
Average E { from temperature









B. Heat Capacity of System
Item Weight (g) Specific Heat
Heat(cal/g/‘^C) Capacity
(cal/oC)
1. Glass 6 0.2
2. Calcium 0.0380 0.15
3. Ammonium iodide 0.3621 0.1
4 Platinum 6.4 . 0.03
5. Calorimeter





















1. aT X Heat capacity of
2. Heat of vaporization
a. Volume of gas-collecting
b. Total mm gas collected
c. Moles of hydrogen evolved
d. iiim of hydrogen collected
e. I<Im of ammonia collected
f. V/t. ammonia vaporized
line pressure correction
Wt. ammonia x Heat pf vapor izat
gram (Table 18) = 0.5352 x 326.










8 cal/g 174.9 cal









3, Total heat effect = 174.9 - 85.6
4. Heat of reaction per gram-atom calcium
89,5 cal/ 0.00095 = 6^2 = -94,000 cal.
89.3

30 SUMvIARY OR CALCULATIONS
EXPERIIvIENT 4
A. Temperature Cbange
Average E (from temperature











B. Heat Capacity of System
Item Weight (g) Specific Heat
Heat (cal/g/oc) Capacity
(cal/oc)
1. Glass 6 O.E
E. Calcium 0.0376 0.15
3. Ammonium iodide 0.3581 0.1
4. Platinum 8.0 0.03
5 Calorimeter
(from fig. 19 for
liquid height of
145.5 mm














Total Heat Capacity of Systei? 145.3
C. Heat Effect
1. aT X Heat capacity of system = -0.586 x 145.3 -85. E cal.
E. Heat of vaporization
a. Volume of gas-collecting system 6715 ml.
h . Total mm gas collected 89.1 mm
c. Moles hydrogen evolved 0.000938
d. Mm of hydrogen collected S.60mm
e. Mrn^of ammonia collected 83. EO mm
f. 7/t. ammonia vaporized 0.51E4 g
no line pressure correction
g. Wt. ammonia x Heat of vaporization per
gram (Table 18) = 0.51E4 x 3E6.9 cal/g 167.5
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4. Heat of reaction per gram-atom calcium
8£.3 cal/ 0.000938 = -87,700 cal.
D. Analysis of Calorimeter Contents
1. V/t . of calcium present
£. Y/t . of calcium oxide present
3. Y/t. of calcium metal
















Moles of hydrogen evolved 0.000761
Mm of hydrogen collected £.10 mm
Total mm. of gas collected 85.80 mm
ivim amn:onia collected 83.70 mm
Wt. ammonia vaporized 0.5115 g
Ho line pressure correction
Wt. ammonia x Heat of vaporization per
gram (table 18) = 0.5115 x 3£6.9 cal/g
Total heat effect = 168.5 - 85.
£
Heat effect due to reaction of calcium oxide
Corrected heat effect I 83.3 - 3.8
• Heat of reaction per gram-atom calcium
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table 31 SUIvDvIAEY OE CALCULATIONS
EXPERIILEI^T 5
A. Temperature Change
Average E (from temperature pattern)
Average T (from Table 35)
dE/dT (Table 35)
A E (a (Sf)




3. Ammonium iodide 0.3200
4 . Plat i num 8 .
0
5. Calorimeter

































1. ^T X Heat capacity of system = -0.507 x 145.1 -73.6 cal
2. Heat of vaporization
a. Volume of gas-collecting system
b. Total mm. gas collected
c. Moles hydrogen evolved
d. Mm of hydrogen collected
e Mm of ammonia collected












X Heat of vaporization per
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3. Total heat effect = 174. E - 73.6
4. Heat of reaction per gram-atom calcium
100.6 cal/ 0.000987 z -101,900 cal.
H. Analysis of Calorimeter Contents
1. Wt
.
of calcium present 0.0388 g
2. Wt. of ca Ic ium oxide present 0.0028 g
3. v/t of calcium metal 0.0368 g













Moles of hydrogen evolved
Min of hydrhgen collected
Total mm gas collected
LDn ammonia collected









V/t . ammonia x Heat of vaporization per
gram (Table 18) = 0.5342 x 326.8 cal/g
Total heat effect = 174.6 - 73.6
Heat effect due to reaction of calcium oxide
Corrected heat effect r 101.0 - 1.5
. Heat of reaction per gram-atom calcium






TABLE 32 SUimRY OF CALCULATIOMS
BETERIvIIMTIOLl OF THE HEAT OF SOLUTION OF
AIvfl'iOEIUM BROMIDE
A* Temperature Change
Average E { from temperature pattern)








B. Heat Capacity of System
Item
1. Glass 6.5
2. Ammonium hromided .2935
3. Calorimeter




















Total Heat Capacity of System 141.1
C. Heat Effect
1. ^T X Heat capacity of system = 0.358 x 141.1 50.5 cal.
2. Heat of vaporization
a. Volume of gas-collecting system 6715 ml.
h. IvQn of ammonia collected 177.70 mm
c. Wt. ammonia vaporized 1.096 gline pressure correction 0.004
I.iuu gd. Wt. aimionia x Heat of vaporization per
gramf Table 18) z 1.100 x 326.2 358.8











4. Heat of solution per gram -atom ammonium iDromide
409.3 cal/ 0.0438 = -9350 cal.
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V. DISCUSS 10]^ AMD COUCLUSIODS
The first experiments in this research were made to
determine the heat of solution of calcium in liquid ammonia.
Schmidt had previously determined the heat of solution hut
in a more concentrated range with the greatest dilution being
366 moles ammonia/ gram-atom calcium. The values obtained
were apparently changing rapidly with concentration indicating
the necessity of making determinations at greater dilutions.
Towards this end experiments A,B, and C were conducted .
Plotting the results obtained (figure 16) gave a smooth curve
which, however, indicated that the heat of solution had not
yet reached a constant value. Therefore experiment D was
performed at a still greater dilution.
Since experim.ent C yielded a value of -20,400 calories
at 1216 moles ammonia/gram-atom calcium, a somewhat lower
value was anticipated for experiment D where there were 1390
moles ammonia/gram-atom calcium. The result of -23,00 calories
was therefore far out of line with that expected on the basis
of previous experiments.
During this work, it was also noted that the results
of experiments A,B,C, and D disagreed radically with those
predicted by the extrapolation of the curve drawn through
the heat of solution values obtained by Schmidt. On the basis
of Schmidt’s work, a heat of solution of approximate! -8000
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gram-atom calcium. Jhixperiments A and B yielded values of -23,8
' calories at 760 moles ammonia/ gram-atom calcium and -26,800
I
calories at 615 moles ammonia/ gram-atom calcium respectively,
j
iixperiments C and D, though made at greater dilutions,
I
yielded values in the same range as A and B (-20,400 cal. and
ii
! -23,000cal. respectively).
There were two apparent discrepancies which needed
i some explanation. First, there was the discrepancy hetweem
I Schmidt’s values and the results obtained in this research,
and second, there was the inability to successfully reproduce
heat of solution values, ho explanation was evident for the
first discrepancy, but it was thought that during the
investigation of the lact of reproducibility of the heat of
solution values some light would also be shed on the large
disagreement v/ith the results obtained by Schmidt.
Several sources of error existed which, could possibly
have influenced the experimental results. They were (1) the
effect of light on the liquid ammonia solutions of calcium,
(2) the possibility of decomposition of the solution and the
formation of the amide, (3) the possiblity of an inherent
error in the experimental technique and apparatus, and (4) the
purity of the sample which, of course, may be employed
to account for any anomaly.
y/ork on the absorption spectrum of the liquid ammonia
24
solutions of the alkali metals indicated the spectrum to
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te continuous with a peak in the infra-red at about 1.8
£5
Ogg also observed the relatively great infra-red photo-
sensitivity of liquid ammonia solutions of sodium, and he
performed photoconductivity measurements that showed the
light absorption to be accompanied by the photorelease of
electrons. Since the calcium solutions used in experiments
A,B,C, and B were exposed to the light, it was possible that
absorption of the infra-red was in some manner affecting the
nature of the solutions. This necessitated consideration as
a possible souree of error, and an experimental investigation
was undertaken to determine the effect of light absorption on
i
I
the heat of solution values.
,
i
To determine the possible effect of .light on the
experimental results, temperature measurements were made on
a solution of calcium in liquid ammonia under three varied
sets of conditions.
(1) The large outer Dewar and the calorimeter were
placed with the unsilvered strips aligned, as in the experiments
i
,
allov/ing the light from the windows to enter the calorimeter.
Thermocouple readings v/rre made and the solution was observed
to be cooling at a rate of 0.09 scale divisions per minute
(0.017 uv ) -0.00050°c/minute
.
{£) The Dewar was turned so that the unsilvered strips
25. Ogg, J. Am. Chem. Soc
.
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were ninety degrees apart and no light could enter the
calorimeter. The windows were covered and the lights in
the room were extinguished. Thermocouple readings showed the
solution to he cooling at a rate of 0.£1 scale divisions per
minute (0.041 uv ) or -0.0012 OC per minute.
'
1
(3) The unsilvered porjjion of the two Dewars v/ere
again aligned, and the contents of the calorimeter exposed
;
I
to the light of a 60 watt hulh clamped in position 1-2 ft.
jj
from the outer Dewar. Temperature readings showed the
solution to he warming at a rate of 2.1 scale divisions per
minute (0.41 uv) or 0.016°C per minute.
During all of this experiment the conditions, other
than the amount of light entering the calorimeter, were
j
identical vfith those prevailing during an actual heat of
solution determination.
The results of the first two parts of the experiment,
(1) with light allowed to enter the calorimeter, and (2) with
no light allowed to enter the calorimeter
,
showed only a
0.0007 °C/minute difference in the rate of change of tempera-
ture. However, in the third part of the experiment ,where an
external light source was placed near the calorimeter ,
a
difference of 0.016 °c/minute from parts (1) and (2) was
observed in the rate of change of the temperature of the
solution. The results of this work indicated that the solutions
of calcium in liquid ammonia were affected hy light absorption.
An accurate determination was made of the energy
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absorbed by calcimn solutions due to. light absorption during
an experiment* A determination of the heit of solution of
ammonium bromide in liquid ammonia was made, and the rate of
change of temperature after the reaction (V^*) was observed.
Vj, was found to equal 0.115 uv/minute. Since ammonium
bromide solutions were not affected by light, this value of
Vj. served as the theoretical value which would be expected
for calcium solutions were it not for light absorption. A
value of 0.038 uv/minute was obtained as the average of the
values of in experiments 1* and G. The difference in the
two temperature drifts represented the einergy absorbed by
the calcium solution because of light falling on the calori-
meter. This difference of 0.077 uv/minute corresponded to
a temperature difference of 0.0022 per minute. Llultiplying
by an average heat capacity of 140 calories per degree
centigrade it was found that 0.3 calories/minute were
absorbed by the calcium solution, ilo correction, however,
was made to the heat of solution values since a consideration
of the calculations involved in determining the heat of solu-
tion indicated that the effect of the energy absorbed was
automatically taken care off.
To check the above work a heat of solution determination
was performed under conditions where no light ( except that
which entered from the top of the calorimeter) was allowed to
fall on the calorimeter contents. Experiment E was done in
such a manner. The windov;s were covered, the lights in the
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room were extinguished, and the unsilvered strips were
silvered as well as being placed ninety degrees apart.
However, experiment E yielded a value of -22,800 calories at
1430 moles ammonia/gram-atom calcium. This results was in
agreement with that obtained from experiment D. The dis-
crepancy with the previous work still existed. It was evidertt
that though light absorption does have some effect upon the
solution it could not account for the large disagreement
found.
The work turned to the investigation of the second
possible source of error, the decomposition of the calcium
solution with formation of the amide. The alkali metal
solutions of liquid ammonia have been shown to be quite
stable but the decomposition has been found to be catalyzed
by impurities such as iron and platinum black. If the amide
had been formed in experiment D, the heat effect measured
would have been the sum of the two heat effects (1) that
associated with the solution of the calcium and (2) that
associated with the formation of the amide. This would
explain the obtaining of a larger value for the heat of
solution than expected. However, it is known that the
formation of the amide is aute-catalytic . Therefore, if the
amide was formed, the experimental measurements would not
follow their usual pattern. The evolution of hydrogen aw a
product of the decomposition would tend to make the calorimeter
line pressure continue to increase after the reaction period
•^d’onta borft^£'\ 8^3 Il3W q,? os-rovlia
^.. ^iBiycIiio '>(9,y,i‘- io eaXtiv a bebJoI'i j.' ^nejrxT^jqzD
ni 2 .T; ei:vi .iluIoIbo rjOu :-*i::3*i:-^\4i:fi0i-!Tir[jci s^Ion:
-sLij 9ri't ta9.iTtT[9q'xe ffo'i'l ' 25-cfc rfJ-lw j-n'auD^i'.a
tti'>£>xv9 rUiw tl » -0^8 i.1:9 Ilija tlio.. 2ao£v9*xq 9 :;/*’ rfo iv? ’^oa.i.i^'xo
9uJ iioq'j; g 09^59 omoB oTiirf S90Jo- aoxr ir-Ostf-S t:f-qi:C t-irj"
fj 9V'r3l sxti^' Tv"- j’fl.'-jo >o3 jon fiXcoo Ji rioUxiloe
ta^09P 9:f) lo ooixa-^iiaevni '>rlt oJ ii>nTCt jIiow srfX
ni/ioCao i>a'u ^0 aoiiJ’ieoq.'^oodX 3clJ ,'io'ctq ^0 9o*rxro3 -jLcflsaoq
9if? ^rf*"
.
lo ao^^^tol :iirl.7 noi.dru'^a
otixfp Dd ot awon's xj^ocf oTiiif 3iuofUin.o fixirpil 1:o aooidirloa
')‘jS'cIat9o 3d od oajjol nooX 8xn aoid taoqiUooyii Jx/cf eld-.^^rs
cblna jdd 11 . -v'.Icf aiirnitalq 6ne fcoii ::a xidya iX9i;J‘i'Xuqfiii
ooi tadjf 9x1^
,
.' da.vax'xaqxo ni X»9:i*rox a 9 c->d bad
tx?dd ('’1 nd'os't'tM ov& -juo '"o irr? ai'rt mjd’ 9 / r' ijliow
(wX) i-c-/: (iix;ioIao odt lo xoidcloa 9dt adxw b&X'^iposBS
aluoyf et r. .afcxiiB 3.15 lo ‘jrft Af It t^C'Vda
lo :/a9d orf^" 'tol 9oXav 'ij*"Ui£ ft *I-o v::iai3ddo edd aialqxo
tjcfj’ d’^^d -1 :iwoo2l at ,T9T97rox. . ^-^rosqxo aaiiw aoid’x^Ioa
•>Csi 'ii
»
9'i:o!t;ftiOffX . 9l;X\I*x,ta9-f''tx;e at '. Linia odd' ’'.o noidniiiio1
»foa dldOTT staaiiioixfoaoni lad a'ifczi'XO'rxo ,r>-j.ixol sar. dCt:.-i3
a »a 119301 !>\;d lo aotSislovo odl . ixoiJ^aq ihsjbu li j-io wollol
isJomlioLftC odd sjiant ot Xnod Xlaow ' ^xfoo^fe ax.’d’ '’.o doadoiq
bolioq coXdox: 9i orfJ oBSOioqX pd ounXdcap oineaoir otiil
99
instead of again reaching a constant value. A temperature
equilibrium would not again be established as is ordinarily
the case. In experiments C and D thermocouple readings were
taken for a period of 60-80 minutes after the breaking of
the bulb to check the possibility of amide formation. However,
in both cases an equilibrium was established and there was
no indication of any reaction taking place. The solution
used in experiment D was also maintained for 44 hours with
no visible sign of the amide being found at the end of that
time. Therefore, on the basis of the above results, it
seemed logical to rule out the possibility of amide formation
j
as the cause of any experimental discrepancies.
The possibility of an inherent error in the experimental!
technique or apparatus remained as one of the most evident
j
sources of error. To check both the technique and the apparatus'
a determination was made of the heat of solution of ammonium
j
bromide in liquid ammonia. The results obtained are summarized'
in Table 3£. The resulting heat of solution of -9350 calories
agreed very closely with the value of 9410 calories obtained
previously with this calorimeter. Schmidt had obtained a
value of-9750 calories for the heat of solution of ammonium
bromide, but this disagreement was probably due to the
differences in the calorimetric apparatus used. Since the
determination did check work previously conducted with this
calorimeter, and since the variance with Schmidt’s value was
within reason, the possibility of an inherent error was dis-
mlaaed * -
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Work on the solutions of the alkali metals in liquid
ammonia indicated that it was more difficult to reproduce
values for the heats of solution than for the heats of reaction
with the ammonium ion. This is understandable when one
considers that a heat of reaction determination would not he
affected hy light absorption. It Y/as decided, therefore, in
in view of the unsuccessful attempts to reproduce the heat
of solution values, to perform measurements of the heat of
reaction of calcium with the ammonium ion and to observe
whether the discrepancies noted previously would be eliminated.
In measuring the heat of reaction of the alkali metals
with the ammonium ion it had been found necessary to use
some means of controlling the very rapid reaction rate. This
had been accomplished by wrapping the sample bulb with a
platinum wire gauze. A number of enlarged holes in the gauze
regulated the rate at which the hydrogen produced during the
reaction was evolved, thereby controlling the reaction rate/
Experiments 1 and 2 were performed with a platinum
wire gauze wrapped tightly around the bulb. However the
reaction between calcium and the ammonium ion is much slower
than that with the alkali metals. At the conclusion of both
experiments it was observed that a blue solution still was
trapped under the wire gauze. This indicated that the gauze
had prevented the calcium from reacting completely. The
values of -75,700 calories and -84,500 calories obtained for
experiments 1 and 2 respectively were widely separated and
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served to strengthen the belief in the uselessness of the
platinum gauze for calcium determinations, therefore, in
all subsequent experiments the wire gauze was not used.
The results of experim.ents 3 and 4 (Table 34) indicated
no better agreement than in the heat of solution determinations
It was now evident that the source of error was one that was
equally present in both the heat of solution and the heat of
reaction measurements.
The calcium metal, from which all samples were made,
had been specially prepared for this research,and the
spectr ographic analysis indicated only 800 parts per million of
impurities to be present. Till this time, the purity of the
calcium had not been questioned, but as a logical possibility
it vi^as decided to check the purity of the samples used. This
could best be done by analyzing the contents of the calorimeter
after a determination had been made. In this manner the
actual amount of calcium participating in the reaction could
be calculated and a correction made to the heat effect
measured.
XiXperiments 4 and 5 yielded values of -87,700 calories
and
-101,800 calories respectively. However upon analysis of
the calorimeter contents and correction of the experimental
data the values of experiments 4 and 5 were-104,500 and
"108,400 calories respectively. That the values now agreed
within
^°Jo indicated that the difficulty involved in all
previous measurements made in this research was the impurity
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of the calcium samples.
In correcting the experimental data for the actual
amount of calcium taking part in the reaction it was assumed
that all the impurity was in the form of calcium oxide, and
that the heat of reaction of calcium oxide with ammonium ion
in liquid ammonia was 30,000 calories ( the basis for this
assumption has been discussed previously). A detailed
analysis to determine the extent of the impurities present
and the heat hffect involved in the reaction of each v/as
deemed unwise for there would always be the uncertainty
concerning the heat contents of the impurities as they exist
mixed in the sample. Considering the assumptions made, an
agreement of 4% in the experimental results of the heat of
reaction determinations was as good as could be expected.
In view of the new findings redeterminations of the
heat of solution of calcium in liquid ammonia v/ere made in
experiments F and G. The results obtained were corrected by
a factor determined from the anlysis of the calorimeter to
yield values of -£2,800 calories at 1660 moles ammonia/gram-
atom calcium and -21,900 calories at 1470 moles ammonia/gram-
atom calcium respectively.
In correcting the heat of solution determinations it
was assumed that the impurity consisted sole3:y of calcium
oxide, and that the calcium oxide was insoluble in liquid
ammonia. This latter assumption was checked experimentally,








.. ;• ' ‘ r • , ^ - 7 )'
.39lq;MB3 faxji‘jl30 ariJ" lo
Ifii/.j-oB
-3dJ' tol .r.,id-noax'r9qj3 sniTj-oy^c'io-j nl
'i
bjinuaBB '^3vr >i go
C
vtoB*;*'! er(J' t:i ^*xBq .gni'-lBt muJioIaci lo J:f\xrofaB
ima ,'^bt:zo auxxolaa xo zi'tol ant r.x «aw ^titafTini; CIb
noi aiXfiaoiHfito rrd'i?/ abixo .luiplao io GOi-lpaai 'to ^ adi" -
p.lx'a xol -ilr.Bd oli )s,9iioi!ao C>^, ^ sav; 3inoiiir;iB jotaotl ni ;'
‘
'}
ptiliadsjD . ( Y-TE^-yoxTem-r o:.33U08tb aood sari aoxj'qnuosa ‘
taanaiq a9i:jc*rvq i; 1o d’nawxa ^^'.1 gcixai'xaj’eJb oi ais^Iairs '
6SW lo coxioBaT (sdl nl b^vLornl d-oalls lasrf orit Lofi '
aoar ad ijlrfow axaria' trol bai.i99Jb
b-3ixo \Qiil 3B satlx'iuqr’: £ 9i; lo (BlnalDOo ij-a»d ‘*dl gninTsonoo
c ,bhaci 3C0 t^^'inuat!-? a ‘j’ jGx'T^ MaxiOu .“*XqiTar> 'joI cil JjsxIxi ,




. t>d ::Cxj^o rb xcoq 53 a 4./ eoo ' ^aoLii'iai'ob doxIoboi
'.> r
9ri-x ,lo &C'iidB?!ie*t9 'ftoa - wan o.ri lo v^tv a
Gx ol)9fir»9i|C97r i-'inofi'-iiis Xlu^iX ai rujioXao lo notJtx-Xos lo j aati .
\d Lo1 '- 9 ':t:oo 310v ' «gxbJ-uO atluas-f ^d'^’ 5flO '? 0jXi9i.T.tic}q:c9
Li.
ot TOu*j3ii*roXao oal lo aia^^Ina adtl Jioil 69nxr2x97c»5
-ftia*i"3\jpioor’ut!3 59X 001 QbbZ u3 'jioiioXso '.^•6,^'— xo doaXav
aiy\ainoarrs 3:^lc:0 CV^X IB aD/icXdo OCC,£H- baa .-iDtoXso i.;olB
. ^:X 9 V ilooqasrr rjirioXao x.oda
i
11 aaoidaa t..^T3d aX uolluXoa lo dx<o:j ddl 3nx'Xp93"foo al
c:'jxqXso lO' i^'^Tcb ftadaisroo ’jliajjqaix adt laxlz jorrTS-.x; ax'x*
bijjpxX ci dXd; [oani a-’S oXi.^c rrruxoXBo ifdl ina .aXtxo^^
i jdTi3aii*£9qx9 Xc^oodo sBff uoi:rqiiTiJ3e3 binx , Btaou’LiiB
aXtxo rixiiolao xo gcvG-^L^iJ-Xlni x leal bnoot lx raa
t
103 .
insoluble in approximately 210 grams of liquid ammonia.
The corrected "values obtained for experiments F and G
I
aggeed within four percent. Again the uncertainty introduced
by impurities was probably the source of error.
Though the discrepancies within the data obtained in
this research had been explained, there still existed the
disagreement with Schmidt. It was now attempted to explain
this disagreement on the basis of Schmidt having made
determinations with impure calcium.
•^0
The report of Schmidt’s work gave oan analysis of the
metal used other than to state that it was better than 99.5^
calcium. When one considers the difficulty incurred in this
research with specially prepared metal analyzed at better than
99.9% calcium, it seems logical to conclude that the metal
used by Schmidt to-s also iijipure to some extent. If that had
been the case, the value obtained by Schmidt would be lower
than the true heat of solution. The fact that his values were
less than half the corrected values obtained in this research
served to strengthen the viewpoint taken concerning the
calcium metal used in his measurements.
Seeking for some means by which a correction could be
applied to Schmidt's data, it was decided to analyze a sample
of commercial calcium probably of a nature similar to that
used by Schmidt. The results obtained in a manner already
described showed the sample to be 83.1% calcium. This
corresponded to 40.5% of calcium actually present as calcium
.w ' *
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metal. Assuming the remaining 59.5% to he calcium oxide, a
correction was applied to the Schmidt data in the same manner
that it had been applied to the results of this research.
Table 33 shows both the original and the corrected Schmidt
results. Where originally Schmidt obtained a value of -10,780
calories at 366 moles anmonia/gram-atom calcium, the correction
produced a value of -25, 900 calories at 616 moles ammonia/ gram-
atom calcium. Similarly values of -24,900 calories and
-24,100 calories at 696 and 900 moles ammonia/gram-atom calcium
respectively were produced by a correction factor. These
values were at least in the same range as those determined in
this research.
In the above work it was assumed that Schmidt’s calcium
was identical with the commercial calcium analyzed. Though
this was probably not the case, in view of the results obtained
by applying this correction factor it seems logical to conclude
that the metal used by Schmidt was at least of the same
approximate purity as the commercial metal analyzed.
The heat of solution values obtained both by Schmidt
and in this research are plotted in Figure 16. Points F* and
G’ are the corrected values of experiments F and G; S denotes
Sphnidt
I
t corrected values. Interpretation of the results
is difficult when one considers that no correction was applied
in experiments A through E. Since the impurities were not
uniformly distributed throughout the metal, it was not possible
to make an analysis of the metal and thus determine a constant
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correction factor. However, on consideration of the data, it
is possible to assume that though sample D and E were impure
to some extent, they were purer than sample C. The calcium
samples used in experiments A and B also were probably impure.
Therefore it is reasonable to assume that the values of A
through E would at least be somewhat larger and at a somewhat
greater dilution.
The exact curve that could eventually be drawn showing
the variation of the heat of solution of calcium with con-
centration can therefore only be estimated, but it appears
evident that a constant value corresponding to a heat effect
at infinite dilution is approached at points E* and G'.
Therefore the average of values E’ and G' may be taken as
the heat of solution at infinite dilution.
Using the value of the heat of solution at infinitec
dilution, ^Ki, and the value of the heat of reaction of calcium
with the amnionium ion, ^ Hg , it was possible to obtain ^ H^,
the heat effect associated with the reduction of the ammonium
ion by the solvated electron ( ^ Hs z ^H2 - a Hi ) . Taking
A Hg = -106,500 calories ( the average of experiments 4 and
5) and ^ Hi = -£2,400 calories ( the average of values E* and
G’ ) A Hg was found to be equal to -84,100 calories. The
result obtained agreed only within four percent with the
theoretically expected value of -80,600 calories for two
electron ionization of calcium in liquid ammonia. Such an
agreem.ent is as good as can be expected when one considers
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the assumptions made during this research, i'rom. this work,
therefore, it may he concluded that there is two electron
ionization of calcium in liquid ammonia, and that those studies
to the contrary could stand reconsideration on the basis of
probable impurities in the calcium used. It seems very likely
that the apparent anomalous behavior, in regard to both the
absorption spectrum and the magnetic susceptibility measurements
could be explained in such a manner.
It is evident that both ^ and ^ H£ should be rede-
termined using pure calcium where the uncertainty due to
impurities is completely removed. Corrections can be made, as
in this research, but the lack of agreement within experimental
error of even the corrected values indicates that the true
extent of the error introduced by impurities remains unknown.
I'his research na,y now serve as a foundation for further
thermochemical studies of the alkaline earth metal solutions
of liquid ammonia.
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The heats of solution of calcium obtained hy Schmidt





0.1907 g 366.0 46.47 cal. -9,764 ca!
0.£470 £8£.0 6£.36 -10,116
0.£779 £51.0 74.77 -10,780
Schmidt’s values corrected on basis of analysis of commercial
calcium { 4 O .575 calcium metal, 59.5$io calcium oxide)
0.077£ g 900 46.47 -£4,100
0.1000 696 6£.36 -£4,900
0.11£6 616 74 .77 -£5,900
The heat of solution values obtained in this research
Exp •
A 0.40£5 760 £38.1 -£3,800
B 0.4£48 615 £83.5 -£6,800
C 0.£139 1£15 110.5 -£0,400
L 0.1759 139 0 101.1 -£3,000

































THE RESULTS OF THE HEAT OF Ril^CTIOH LETERimJATIOHS
Exp. Sample wt • Y/t. Ammonia Heat of Reaction
atom calcium
1 . 0.0421 g 116.45 g -75,700 cal.
2 0.0400 115.68 -84 ,600
3 0.0380 116.73 -94 ,000




5 0.0396 116.82 -101,900
c orr 0.0368 -108,400
The average heat of reaction per gram-atom from the corrected
values of experiments 4 and 5 is;
£^Hg = ”106,500 calories
The value of ^ Hg is
”^Hi r -106,500 - (-22,400) = -84,100 cal.
The theoretical value of ^
H
3 based on the alkali metal work is







Calibration of the Copper-Constantan Thermocouple TC-2
I
The copper - constantan thermocouple used in this
I
' research was calibrated at the sublimation point of solid COg
I
and the melting point of mercury. The experimental procedure
I




bration table are described in the thesis of R. Maybury .
Though three methods for establishing a calibration
^
I
table were presented by R. Maybuty, only method (3) was used I
i
in this research. This procedure involved the use of
equation (10) arrived at from a theoretical consideration of
(10) e = at i bt^
thermocouples. Substituting for t the values and Tgg
(in degrees centigrade) and for e the corresponding EMP*s
(in microvolts), two simultaneous equations were obtained.
Solving these equations yielded the following values of the
constants a and b{
a = -38.58
b = -0.05006
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B. REDETERMIMTIOB OB THE HEAT CAPACITY PIT THE CAL0RB;1ETER
;j
USIIJG A MORE ACCURATE IvIETH(B ^
I
The determination of the heat capacity involved
j
duplicating the conditions that existed during an actual !
heat of reaction measurement. The reaction was simulated i
! hy introducing a known quantity of heat into the calorimeter
at the same time that a previously determined volume of
hydrogen gas was slowly huhhled through the ammonia. Prom
the temperature change that occurred and the amount of ammonia
vaporized the heat capacity of the calorimeter was calculated*
The experimental apparatus used in the heat capacity
determination was the same as that used in the heat of reaction
measurements with some slight modification. The calorimeter
head now held, in addition to the stirrer and thermocouple,
a heater in place of the sample hulh rod and a piece of 3 mm.
glass tubing which served as a gas inlet tube. This inlet
was connected to a calibrated gas burette.
A schematic representation of the heater circuit is
shown in Piguce 17. The heater, made of manganin wire, had
a resistance of 41.4 ohms j the two leads of 7^32 copper wire
were 77 cm. in length and had a resistance of 0.84 ohms. The
I
! potentiometer readings were taken across a standard ten ohm
resistance
.
/i6. The heat capacity of the calorimeter had previously
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A weighed amount of ammonia was distilled into the
calorimeter filling it to about the same height as does the
ammonia in an actual determination. Y/hen the calorimeter
and its contents had attained an equilibrium state, the
simulated reaction was begun. The heater circuit was closed
and a measured volume of hydrogen gas (9£.83 ml.) allowed to
bubble slowly through the liquid anmonia. Both thermocouple
and heater readings were taken with the potentiometer. By
using a double pole knife switch it was possible to switch
rapidly between the thermocouple and heater circuits. The
batteries supplying the heater current had been allowed to
discharge continuously through an auxiliary heater, of exactly
the same resistance as the heater in the calorimeter, for
24 hours prior to the determination. This provided a steady
current flow through the heater during the "reaction" and
enabled one to make accurate potentiometric measurements of
the heater voltage. The ammonia gas vaporized was collected
in the gas-collecting system. When all the hydrogen had been
introduced into the calorimeter, the heater was turned off.
Temperature measurements were taken till an equilibrium
condition had again been established. All necessary
cathetometer readings were recorded.
The total energy input during the heating period was
calculated using equation (12)
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where q was the heat input in calories, I was the mean heater
current in amperes, T was the time in minutes, and R was the
resistance of the heater and of that length of the leads
immersed in liquid ammonia. I was calculated from Ohm's Law
using the mean heater voltage measured across the standard
ten ohm resistance. The heat input due to the heating of the
leads in the calorimeter ( hut not immersed in the liquid
ammonia) was calculated as above with R being one-half the
total resistance of both leads.
The total heat input (q) equals the heat effect due
to the vaporization of ammonia (wt. ammonia vaporized x heat
of vaporization per gram) plus the heat effect associated
with the change in temperature of the calorimeter and its
contents (^T x heat capacity of the system). Setting the
heat capacity of the calorimeter equal to x, and the heat
capacity of the system, excluding that of the calorimeter,
equal to A equation (13) was obtained.
(13) q = T(A - x)+ (wt. ammonia); j^Heat of
vaporization per gram)
Since the quantities q,^T, A, the weight of ammonia vaporized,
and the heat of vaporization could be determined from the
experimental data, x, the heat capacity of the calorimeter,
remained the only unknown quantity in the above equation.
Therefore the known values were substituted in the equation,
and the equation was solved for the heat capacity of the
calorimeter
.
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A summary of the data and calculations for the heat
capacity determination is presented in Table 36. A value of
£0,3 calories was found to be the heat capacity at a liquid
height of 150.2mm.
The heat capacity of the calorimeter has been found to
vary in a linear manner with liquid height. By plotting the
value obtained in this research and two values obtained at
different liquid heights with this calorimeter, figure 19
was drawn. All heat capacity values of the calorimeter used
in this research were taken from this plot.
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table 36 STO£LIARY OB CALCULATIONS
HEAT CAPACITY DETERI/IIlUTIOIl
A* Temperature Change
Average E (from temperature pattern)





B. Heat Capacity of System
Item Y/eight (g) Specific
Heat(cal/g/oc) Capacity
(cal/oc)
1, Glass 9.3 0.2 1.9
E. Calorimeter

























iiT X Heat capacity of system = -2.11
Heat of vaporization
a. Volume of gas -collecting system
b. Volume of hydrogen used
c. Moles hydrogen
d. Total ram gas collected
e. Min of hydrogen collected
f. Mm of ammonia collected
g. Y/t . of ammonia vaporized
line pressure correction










h. V/t. of ammonia x Heat of vaporization per
gram (Table 18) r 1.323 x 327.9 cal/g 433.8 cal,
Heat input
a. Resistance of heater 41.4 ohms
;:;o:ta.iuOuA'. u 3".
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c. Length of time
d. Average heater
e. Average heater
f. Heat input due
leads immersed
g. Heat input due
calorimeter hut
level
h Total heat input
Total Heat effect
117.7 = 433.8 -2.11 (129.5
Heat capacity of calorimeter at
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The liquid ammonia solutions of the alkali metals have
been found to possess certain anomalous properties which are
generally similar for this series of metals. The similarity
is most markedly demonstrated by conductivity and absorption
spectra measurements.
I|
Kiaus proposed the following equilibria to explain the
||
unique properties of these solutions; i|
M e- e- +
)
Recent magnetic studies have forced modification of the ^
original Kraus theory but, aside from the positive ion, the !i
ii




Since the presence of the solvated electron has been
j
confirmed experimentally, it may be expected that the properties
of ammonia solutions dependent upon the solvated electron will
be the same for all the alkali metals. Recent thermochemical
studies showing all the alkali metal solutions to possess a
similar heat of reaction with the ammonium ion in liquid
ammonia has strengthened this view.
Extension of this concept of solutions to the alkaline
earth metals would lead one to expect properties of a similar
nature when compared on a proper concentration basis. This
may be questioned, however, when one considers absorption
spectrum studies and magnetic susceptibility measurements
;*> r r J
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made on solutions of the alkaline earth metals in liquid
ammonia •
One electron ionization was suggested as a possible
explanation of the abnormal molal susceptibility of calcium
solutions. Density measurements indicated that such a
situation probably exists in concentrated solutions.
The problem of one or two electron ionization was
approached thermochemically in this research. The value for
the heat'Of reaction of the solvated electron and the ammonium
ion in the alkali metal solutions served as a basis for the
comparison of calcium solutions.
Determination of the heat effect associated with the
reaction between the solvated electron and the ammonium ion
was made by combining the two easily measured heat effects
( 1 ) the heat of solution, and (£) the heat of reaction
with the amnonium ion, ^ H2 *
It vsas the purpose of this research to determine these
heat effects calorimetrically
,
and by their combination to
arrive at the heat effect, 6 %, associated with the reduction
of the amonium ion by the solvated electron.
was found to equal -22,400 cal.* 2%, and ^ Hg
was determined to be --106,500 cal.d: 2%. Using these two
values 16H2 found to be -64,100 cal.±-2"/o. This was
compared with the theoretically expected value of -80,600 cal.
(2 X ,40,300 cal.) for two electron ionization. Since the
values of Hi and had to be corrected for impurities in
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the sample, the agreement of the .6H3 values was considered
as good as could he expected. It was concluded, therefore,
that there was two electron ionization of calcium in liquid
ammonia •
The values of did not agree with previous
ij
1’
measurements of the heat of solution of calcium. The prohahilit
of impurities in the metal used in the earlier determinations
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